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ABSTRACT  

Niemi, A., Ehrman, A., Ahmed, M., Arey, M., Azetsu-Scott, K., Babin, M., Capelle, D., Christie, 

L.R., Devred, E., Drake, A.K., Dunmall, K., Elias, J., Falardeau, M., Ferguson, S., 

Gilbert, M.J.H., Halliday, W.D., Harris, L.N., Hedges, K., Illasiak, J., Loseto, L., MacPhee, S., 

Maps, F., Marcoux, M., Mayette, A., McNicholl, D., Melling, H., Michel, C., Moore, J.-S., 

Nelson, J., Nudds, S., OôBrien, J., Paulatuk Hunters and Trappers Committee, Richards, C., 

Scharffenberg, K., Shuert, C.R., Storrie, L., Tallman, R., Watt, C., Walkusz, W., Wiens, L.N., 

Williams, W., Young, B., and Yurkowski, D. 2024. State of Canadaôs Arctic Seas. Can. Tech. 

Rep. Fish. Aquat. Sci. 3633: xvi + 206 p. 

 

Fisheries and Oceans Canada (DFO) is committed to informing Canadians on the state of 

Canadaôs three oceans as part of an Ecosystem Reporting initiative established in 2016. This 

second Arctic report presents a synthesis of current knowledge that describes ecosystem structure 

and function. The new knowledge presented in this report not only advances our understanding 

of the mechanisms that underlie ecosystem responses to variability and change, but also adds to 

the crucial long term time series from which change can be assessed. The ecosystem-based 

approach of the report reiterates the importance of understanding physical environmental 

conditions and the base of the food web in order to understand the status of priority species. 

Integrated themes including food webs, habitat, biodiversity, seasonality, and ecosystem 

variability and connectivity are discussed, and presented together with Case Studies that provide 

theme-based examples of ecosystem status. The report identifies how Inuit and researchers are 

increasingly working together to identify and address ecosystem questions; however, the state of 

documented knowledge greatly varies across the Canadian Arctic. 
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RÉSUMÉ 

Niemi, A., Ehrman, A., Ahmed, M., Arey, M., Azetsu-Scott, K., Babin, M., Capelle, D., Christie, 

L.R., Devred, E., Drake, A.K., Dunmall, K., Elias, J., Falardeau, M., Ferguson, S., 

Gilbert, M.J.H., Halliday, W.D., Harris, L.N., Hedges, K., Illasiak, J., Loseto, L., MacPhee, S., 

Maps, F., Marcoux, M., Mayette, A., McNicholl, D., Melling, H., Michel, C., Moore, J.-S., 

Nelson, J., Nudds, S., OôBrien, J., Paulatuk Hunters and Trappers Committee, Richards, C., 

Scharffenberg, K., Shuert, C.R., Storrie, L., Tallman, R., Watt, C., Walkusz, W., Wiens, L.N., 

Williams, W., Young, B., and Yurkowski, D. 2024. State of Canadaôs Arctic Seas. Can. Tech. 

Rep. Fish. Aquat. Sci. 3633: xvi + 206 p. 

 

Dans le cadre dôune initiative de production de rapports sur les ®cosyst¯mes lanc®e en 2016, le 

ministère des Pêches et des Océans (MPO) sôest engag® ¨ renseigner la population canadienne 

sur lô®tat des trois oc®ans du Canada. Ce deuxi¯me rapport sur lôArctique pr®sente une synth¯se 

des connaissances actuelles qui décrivent la structure et la fonction des écosystèmes. Les 

nouvelles connaissances présentées dans le présent rapport permettent non seulement de mieux 

comprendre les mécanismes qui sous-tendent les réactions des écosystèmes à la variabilité et au 

changement, mais elles sôajoutent ®galement aux séries chronologiques à long terme cruciales à 

partir desquelles le changement peut °tre ®valu®. Lôapproche ®cosyst®mique du rapport souligne 

de nouveau lôimportance de comprendre les conditions environnementales physiques et le 

fondement du réseau trophique afin de comprendre lô®tat des esp¯ces prioritaires. Les th¯mes 

int®gr®s, y compris les r®seaux trophiques, lôhabitat, la biodiversit®, le cycle saisonnier et la 

variabilité et la connectivité des écosystèmes, sont abordés et présentés avec des études de cas 

qui fournissent des exemples th®matiques de lô®tat des ®cosyst¯mes. Le rapport indique comment 

les Inuits et les chercheurs collaborent de plus en plus pour définir et régler les questions 

relatives aux ®cosyst¯mes; cependant, lô®tat des connaissances documentées varie grandement 

dans lôensemble de lôArctique canadien. 
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1.0 Ocean Reporting 

As part of Fisheries and Oceans Canadaôs (DFO) commitment to inform Canadians about the 

current state of Canadaôs Oceans, the Department is regularly preparing ecosystem-based reports 

for the Pacific, Atlantic and Arctic oceans. The State of the Ocean ecosystem reporting initiative, 

for all three Oceans, began in 2016 with an emphasis on preparing publicly 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 the expansive Canadian Arctic region.  

 

An integrated ecosystem approach was used to structure this report. Trophic levels and species 

are not described sequentially; rather we aimed for a thematic approach. Status is discussed 

within topics that represent key aspects of ecosystem connectivity and function. This report 

provides a synthesis of results. Consequently, project descriptions, methods and details of 

statistical analyses are largely omitted. Readers are encouraged to refer to the cited literature for 

such information.  

1.1 What We Need to Describe the State of the Canadian Arctic  Ocean 

This report describes the state of the Arctic Ocean, 

specifically the Canadian Arctic region. But what do we 

mean by óstateô and how have we assessed it? In an 

ecological context, óstateô can be defined as the set of 

abiotic and biotic conditions observed for a focal 

ecosystem or component thereof. Inherently connected 

to a description of condition is 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 scientifically identify 

the change of an ecosystem state, statistical analyses 

supported by adequate and appropriate data are needed. 

In the Arctic, the ñburden of proofò for ecosystem 

change is a challenge given the paucity of adequate data 

across multiple spatial and temporal scales.  

 

The measurement of mean conditions from which to assess change is complicated by the 

variation of environmental conditions over time (Section 5). The most obvious manifestations of 

variability are the dramatic seasonal differences between winter and summer conditions in Arctic 

waters, but large changes are also seen from year to year and between clusters of years, a 

phenomenon known as interannual and inter-decadal variation, respectively. An average 

condition is comparatively easy to determine if observations are continuous in time. However, 

many annually repeated ocean-observing campaigns are seasonally biased and short-lived, 

spanning perhaps a few weeks in summer. Nonetheless, if observations have been repeated at the 

same time in the 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 more), or whose geographic domain has shifted from year to year, 

State: the characteristics used to 

describe the status of an ecosystem at 

a particular domain in space and time. 

For deterministic systems, the state is 

the values of variables used to 

describe the system, and for stochastic 

systems it could refer to either the 

probability distribution of these state 

variables or realized values of the 

state variables. In practice, definitions 

of system state include both the mean 

and variability of systems (Ratajczak 

et al. 2018). 
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limit our capability to provide a reliable description of mean conditions and ultimately ecosystem 

state.  

 

Reliably distinguishing progressive change from the influences of cyclic variability is a daunting 

challenge in data-sparse regions like the Canadian Arctic. There are 4 million km2 of ocean in 

Canadaôs Arctic, an area equal to 41 % of Canadaôs land area. Because ocean conditions vary 

greatly over this area, the domain over which any particular set of observations is representative 

or relevant is an important concern of this report. The domain size varies with the variables of 

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

associated. 

 

With full acknowledgement of data and knowledge deficiencies, environmental variability, and 

challenges of scope, we report on the status of the Arctic Ocean by presenting, 1) statistically 

significant means and trends for ecosystem components for which adequate data exist, and 2) 

current knowledge of the structure and function of the Arctic Ocean based on recent scientific 

studies and documented Inuit Knowledge. We report on current knowledge relevant to the past 

five years. Current conditions are described within key themes including, habitat linkages, 

seasonality, biodiversity, ecosystem variability, connectivity, and coastal ecosystem processes.  

1.2 Report structure 

This report begins with a summary of report highlights organized into five key message themes 

(Section 2). The key message themes will be described in a plain language public using 

supporting information from this Technical Report. A brief overview of stressors in the Canadian 

Arctic is provided in Section 3. The remaining sections of the report provide integrated 

contextual, status, and trend information for ecosystem themes including; food webs, habitat, 

biodiversity, seasonality, and ecosystem variability and connectivity. Information specific to the 

coastal zone is presented in Section 7. Section 8 provides new information about Indigenous 

leadership, collaborative governance of marine areas, and community participation in 

researching and monitoring under the theme of co-management in the Canadian Arctic. Fifteen 

Case Studies are included in the report that highlight specific findings and topics related to the 

integrated ecosystem themes. The Case Studies provide stand-alone narratives of current status 

or trends in different regions of the Canadian Arctic.  

1.3 Boundaries of the Arctic Ocean Report 

This report focuses on an immense area (51-86 °N, Figure 1, Table 1). In this report, marine 

habitats and species are the primary focus although relevant knowledge associated with 

anadromous species is also included (e.g., chars). Information is unavoidably weighted towards 

more accessible regions and focal areas. Ecosystem status for coastal regions is discussed in 

Section 7 and the location of Canadaôs Arctic communities are included in Figure 1. The coastal 

data are generally collected within 5 km of shore, inshore of the 20 m isobath. The data and 

knowledge from Arctic coastal areas are often generated through community-based monitoring 

and this is the area most informed by Inuit Knowledge.  
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This report highlights that the Canadian Arctic region is connected to the Pacific and Atlantic 

Oceans and functions within a larger Arctic system (Figure 2). However, trends and conditions 

within the Canadian Arctic region are not necessarily the same as other Arctic regions. 

 

Marine conservation and protection has been a key component of rightsholder decision-making 

and research activities in recent years. The Canadian Arctic now has three marine protected areas 

(Figure 1). Tuvaijuittuq, meaning ñthe place where the ice never meltsò in Inuktut, is the first 

Marine Protected Area (MPA) to be designated for interim protection by ministerial order under 

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

three sub-regions: Niaqunnaq, Okeevik, and Kittigaryuit. Anguniaqvia Niqiqyuam (ANMPA), 

which translates into ñNelson Greenôs hunting groundsò, is Canadaôs only marine protected area 

with conservation objectives based specifically on Indigenous Knowledge (see Case Study 15). 

 

 

 
 

Figure 1. General boundary of the report study region. Current conservation areas are shown and the 

communities within Inuit Nunangat are numbered and identified in Inuktut (Roman orthography) and in 

anglicized forms as described in ITK (2019). 
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There is one National Marine Conservation Area, Tallurutiup Imanga, which is located in the 

northeastern region of Nunavut (Qikiqtaaluk Region). Tallurutiup Imanga is an area that has 

been used since time immemorial by Inuit. Inuit Qaujimajatuqangit, a value-centric term defined 

by Elders as ñInuit ways of knowing, ways of being, and worldview ï past, present and futureò 

(Canadian Polar Commission, 2003; Karetak et al. 2017) will inform future decision-making for 

the management and protection of the conservation area. The conservation agreement will 

protect Inuit harvesting rights guaranteed under the Nunavut Land Claims Agreement while also 

ensuring the protection of species at risk. 

 

Marine areas of the Canadian Arctic also include three marine refuges (Disko Fan, Davis Strait 

and Hatton Basin). Marine refuges are fishery area closures, established under the Fisheries Act. 

The refuges help promote 

biodiversity and protect 

important species and their 

habitats and contribute to 

Canadaôs Marine Conservation 

Targets. Much of the knowledge 

and research presented in this 

report helps to inform the 

management of all the Canadian 

Arctic marine conservation and 

protection areas ï either directly, 

or by providing the ecosystem 

context that influences the 

designated areas.  

 

 
 

Figure 2. Connectivity of the Canadian Arctic region to neighbouring Arctic and sub-Arctic regions.  
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Table 1. Physical features of the Canadian Arctic region 

Ocean Area of the Canadian Arctic region Almost 4 million km2, equivalent to 41 % of 

Canadaôs land mass 

 

Canadian Ocean area overlying continental 

shelf 

 

3.2 million km2, excluding islands 

Coastline (mainland) > 176 000 km (Yukon to Labrador), representing 

> 70 % of all Canadian coasts 

 

Communities 58 communities, ca. 49 000 Inuit live within Inuit 

Nunangat (Statistics Canada, 2021) 

 

Islands 94 major islands (> 130 km2) and ca. 36 470 

minor islands together representing a total area of 

1.4 million km2. Baffin Island is 18X larger than 

Vancouver Island.  

 

Land-fast ice  Canadian Archipelago hosts the broadest expanse 

of land-fast ice found in the Arctic. 

 

Multi -year ice  In summer, multi-year, sea-ice area (value 

excluding the northern boundary of the Canadian 

Archipelago) declined by 7.7 % per decade over 

the period from 1968 to 2022.  

In 2022, the average summer multi-year sea ice 

area the lowest on record since 1968 (Source: 

Environment and Climate Change Canada (2022) 

Climate Research Division) 
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2.0 Report Highlights  

The highlights presented here relate to the state of marine ecosystems in the Canadian Arctic. For 

many topics within the report, there is not a sufficiently long record of observations to allow for 

robust reporting on change. However, since our last report (Niemi et al. 2019), there has been a 

considerable amount of data collected describing ecosystem structure and function. These data 

not only advance our understanding of the mechanisms that underlie ecosystem responses to 

variability and change, but also adds to the crucial long term time series from which change can 

be assessed and more deeply understood. 

 

The highlights presented below are grouped into five key message themes that capture the last 

five years of advancements in our understanding of ecosystem function and status, and are 

illustrated by examples from the report. The focus of the highlights and report is on describing 

current status, not projections of future state. The messages reiterate that bottom-up effects have 

a greater impact on Arctic marine ecosystems compared to top-down effects, which underlines 

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

 

2.1 Background statements 

¶ Scientific knowledge of environmental conditions and biological communities is spatially 

inconsistent across the Canadian Arctic and intermittent over time.  

¶ All knowledge holders are working together to produce information that is useful for 

understanding and managing ecosystems in the Canadian Arctic. Knowledge gaps, and 

the need for continued and expanded work, are highlighted in this report.  

¶ The ways in which Arctic marine ecosystems are changing differs among regions. New 

knowledge of species, processes, and mechanisms driving ecosystem function highlight 

the need to link descriptions of variability and change to a specific location or time. 

Arctic-wide generalizations are difficult to make.  

¶ The absence of a trend simply means that there is not a consistent, detectable increase or 

decrease in the variable being measured over the observed time period. The lack of a 

detectable trend could be because of insufficient data or a time scale that is not long 

enough to properly assess change. 

 

2.2 New insights for sea ice and ocean trends  

 

Report Highlight  Report Reference 

For the Arctic as a whole: 

 

The areal extent of sea ice in the northern hemisphere in late 

summer (September) has declined by approximately 42 % from 1979 

to 2023. Most of this decline occurred prior to 2008. 

o The lowest September sea-ice extent on record occurred in 2012, 

and the second lowest in 2020. 

Section 3 

The extent of sea ice in the northern hemisphere in late winter 

(March) declined by approximately 10 % between 1979-2023. Unlike 

September trends, the decreases in the extent of wintertime sea ice 

have been roughly equal across the 1979-2023 interval. The declines 

Section 3 
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Report Highlight  Report Reference 

of late-winter pack ice has occurred principally in the northern 

Pacific and Atlantic oceans. 

Progressive reductions in the extent and thickness of sea ice have 

been punctuated by appreciable annual and decadal variability. 

Sections 3, 5.2 

Observations of the extent of Arctic ice since 1979 reveal that most of 

the loss of multi-year-ice occurred abruptly in two events, one in 

1989 and another in 2006-07. During the latter event, an abrupt drop 

in the thickness of ice leaving the Arctic was measured directly in 

Fram Strait, an event unique in this record that began in 1990. The 

two events appear to be associated with different relative 

contributions from ice export, melting and replenishment of old ice. 

Section 3 

Sparse available data and numerical simulation indicate that sea-ice 

volume and age have declined across the Arctic with the same 

pattern over time as the declines of ice extent. Summertime ice 

volume may have declined as much as 82 % between 1979-2023. 

Section 3 

In areas that have always been ice-free in summer, progressively 

earlier springtime ice clearance and later autumnal freeze-up have 

been seen from 1979 to 2023, resulting in longer open-water periods.  

Sections 3, 5.2.1, 

5.2.2., 7.1 

For the Canadian Arctic:  

Pan-Arctic change in sea-ice extent has been reflected in some, but 

not all regions of Canadaôs Arctic seas: 

o  Since 1968, the overall rate of multi-year sea-ice decline in late 

September has been about 14 % per decade for the Canada Basin 

and the continental shelf of the Beaufort Sea, 7 % per decade for 

the High Arctic of the Canadian Polar shelf, but minimal in 

Baffin Bay. The trends in second-year sea ice, recruiting into to 

the multi-year category, have been +2.5 % per decade in the 

Canada Basin,  -4.0 % on the Beaufort continental shelf and -3.2 

% per decade in the High Arctic.  

Section 5.2 

In the Canada Basin, the Beaufort Gyre underwent a prolonged (>20 

year) period of change which has now appeared to slow:   

o Freshwater content increased by ~50 % from 2003-2008 and has 

plateaued since then  

o Heat content of Pacific-origin water has quadrupled since the 

1990s, reaching a peak in 2018  

o Surface waters of the Beaufort Gyre became corrosive to shelled 

organisms in 2007 and this acidification has persisted since then. 

Section 5.2.1, Case 

Study 11 

Long-term ocean observatories over the Canadian Polar Shelf enable 

assessment of trends and variability only in two key regions: 

o Mackenzie Shelf 

-  Upwelling has doubled over the last 25 years  

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

last three decades  

Sections 5.2.2, 6.3  
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Report Highlight  Report Reference 

-  Bottom (50 m) water temperature has warmed only slightly (<0.1 

degree/decade). However, data reveal episodically higher 

temperatures at multi-decadal intervals likely due to variation in 

winds and associated water mass movement. 

 

o Barrow Strait  

-  Waters flowing eastward through Barrow Strait have freshened 

across seasons and depths, and warmed slightly over recent 

decades (<0.1 degree/decade).  

 

 

2.3 Revisiting ecosystem hypotheses 

 

Marine ecosystems in the Canadian Arctic are highly variable in both space and time. New 

research and data syntheses have highlighted complex and sometimes unexpected responses to 

natural and anthropogenic change. Our improved knowledge of ecosystem variability advances 

our ability to detect and understand the progression of responses (e.g., steady versus bursts of 

change) in the Arctic marine environment. 

 

Report Highlight  Report Reference 

In the Canadian Arctic, Indigenous communities hold expansive 

insights into historical baseline conditions and have a deep 

understanding of variability in species and ecosystems which allows 

for identifying and tracking change. 

o Research together with Indigenous Knowledge of how 

environmental changes affect travel and harvesting 

provide a holistic perspective of the impacts of climate-

related change. 

Case Study 5, 10, 

14, 15;  Sections 

4.5, 4.6, 7.1;  

Potential opportunities related to sea ice loss and Arctic warming are 

not necessarily quickly realized. 

o Even with the reduced presence, growth, and import of 

multi-year ice in the Northwest Passage and Baffin Bay, 

multi-year ice continues to be a shipping hazard. The pan-

Arctic expectation for expansion of kelp and seagrass due 

to improved habitat suitability has not yet been detected at 

the few Canadian sites with a time series of at least 10 

years.  

Case Study 6; 

Section 3 

Rare Arctic conditions exist in Canadian waters as identified 

through ongoing ocean monitoring. 

o Indicators of ocean acidification in Arctic outflow waters 

observed along Davis Strait show temporal variability; 

however, unlike other oceans, there is no trend evident 

over the past 20 years. This is because ocean acidification 

is controlled primarily by freshwater dynamics, rather 

than anthropogenic CO2, in this region. Another rare 

Sections 4.4.2, 

5.2.3, 5.2.4 
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Report Highlight  Report Reference 

condition is the presence of old, thick sea ice in the 

Tuvaijuittuq Marine Protected Area north of Ellesmere 

Island, which is higher than any other location in the 

entire Arctic. There is also no evidence of a surface ocean 

warming trend in the Eastern Beaufort Sea, however, 

earlier surface warming is linked to increased detection of 

phytoplankton.  

Changes in the marine ecosystem are not necessarily consistent in 

adjacent areas.  

o The downward trends of North Water and Lancaster 

Sound ice arch duration were correlated between 1979 

and 2000, after which the trends were not correlated. 

Changes in zooplankton biodiversity have been 

documented in the Pacific and Atlantic oceans. However, 

despite strong connection to the Pacific and Atlantic 

oceans, such changes in zooplankton biodiversity have not 

been documented in Canadian Arctic waters. Declines in 

the signal of ice-algae measured from predator tissues are 

not necessarily consistent across regions, even when the 

change in sea-ice is similar. 

Case Study 3, 5; 

Sections 4.3, 4.6  

Biodiversity, and the presence of key forage species in the Canadian 

Arctic may not follow expected geographical patterns at large and 

regional scales. 

o The Canadian Arctic Ocean harbours higher diversity of 

seafloor-associated invertebrates than Canadian Atlantic 

and Pacific waters. Consistency in zooplankton 

community assemblages and stable trends in Arctic Cod 

biomass in offshore habitats has been observed across the 

entire Canadian Arctic.  

Sections 4.6, 5.3  

Understanding the structure of physical habitat is necessary to 

accurately measure critical ecosystem services, including CO2 

exchange. 

o Improved data coverage has reduced uncertainty in 

Canadian Arctic Marine CO2 uptake estimates. This will 

improve models and projections, and also reveals the 

complexity of CO2 flux in nearshore waters, which can 

alternate between CO2 uptake and emission on seasonal 

time scales. 

Case Study 1, 

Section 7.2 
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2.4 Improved knowledge of species responses to variable ecosystems 

 

Marine life is intimately connected to the dynamic Arctic habitat. Changes to the physical and 

chemical determinants of habitat structure affect resource distribution, reproductive biology, 

foraging and hunting behaviours, as well as movement and migration. New knowledge has 

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

impact in others.  

 

Report Highlight  Report Reference 

Studies over a complete annual cycle and across years reveal that 

some Arctic predators can adjust migration and feeding behaviours 

according to environmental conditions and prey availability. 

o Some populations of beluga and bowhead whales adjust 

foraging dive behaviour according to prey availability, 

location, time of year, and sea-ice conditions. Narwhal, 

which were previously considered inflexible with respect 

to migration, have been observed to delay southbound 

migration from summering grounds in response to 

declining sea-ice. In Hudson Bay, a thick-billed murre 

colony shifted its range to areas where sea-surface 

temperatures remained cold enough to foster their ice-

associated prey while at the same time declining sea-ice 

cover allowed greater access to that prey. Flexibility in 

diet and habitat use are fundamental to buffering Arctic 

marine predators against the bottom-up impacts of climate 

change.   

Case studies 4, 8; 

Section 4.4.1 

Large-scale changes to migratory patterns for resident Arctic whales 

and marine birds have not been observed in the Canadian Arctic. 

o Changes to habitat use and migration timing have been 

noted for some resident Arctic whales. However, these 

represent relatively local adjustments. In contrast, there 

have been notable changes in the occurrence of non-

resident cetaceans, such as killer and sperm whales. 

Sections 6.5, 6.6 

Uncertainty remains regarding how potential changes to the 

availability of ice algae as a food source will influence the food web. 

o Evidence suggests that Arctic species across all trophic 

levels are supported year-round by energy produced by 

sea-ice algae. This suggests that carbon produced by ice 

algae in the spring falls to the seafloor, is stored in 

sediments, and later consumed by seafloor invertebrates 

that subsequently transfer it to the top of the food web 

when they are consumed as prey. Although benthic 

invertebrates in the Canadian Arctic show some flexibility 

in their use of different food sources, the implications of 

reduced availability of ice algae are not clear. 

Case Study 3, 7; 

Sections 4.3, 4.5 
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Report Highlight  Report Reference 

Some species may not be as successful under a changing climate than 

expected.  

o Seagrass populations in James Bay have less genetic 

variability than those in regions of the Canadian Pacific 

and Atlantic sub-Arctic, which may hamper their ability 

to contend with warming conditions and recover from 

historical declines associated with warming, early ice 

break-up, and hydroelectric development. 

Case Study 6; 

Section 4.4.3 

For many species, the interaction of multiple environmental effects 

on important processes at population and individual levels 

complicates our ability to predict species responses to ongoing 

change.  

o Arctic Char are expected to benefit from increased 

foraging opportunities in the marine environment that are 

afforded by longer ice-free periods. Individuals can 

partially acclimate to warmer water temperatures, 

although their range of acclimation is limited. Continued 

warming will necessitate behavioural changes to cope.  

Case Study 10; 

Sections 5.4.1, 7.3, 

7.4  

 

2.5 Improved knowledge of ecosystem function and biodiversity 

 

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

preferences, and biodiversity in Canadaôs Arctic. Species at all trophic levels in the Arctic are 

responding to increasing environmental variability in complex ways.  

 

Report Highlight  Report Reference 

New technologies and sustained observations are increasing our 

knowledge of ocean conditions and species distributions beyond the 

open-water period.    

o Moored instruments, animal tagging, and community-led 

coastal oceanographic measurements are filling 

knowledge gaps across the entire annual cycle, reducing 

the bias towards the ice-free period. New survey 

technologies have improved mapping of animal 

movements and population status in different seasons. 

Case Study 2, 4, 8, 

10, 14, 15, 

Sections 4.4.2, 5.0, 

5.2.2 Toolbox   

The participation of Inuit communities in aquatic research and 

monitoring is growing, leading to more meaningful collaborations.  

o Community leadership in research and monitoring 

programs, which can be characterized by research 

objectives being set by communities, and the bridging of 

different ways of knowing, are enabling a better 

understanding of the status of priority habitats and 

species. While good practices continue to be discussed 

and implemented, challenges remain that can hinder the 

development of partnerships. 

Case Study 13, 14, 

15, Section 7.1 
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Report Highlight  Report Reference 

Community priority -setting has underpinned the co-development of 

research and monitoring programs in the Tarium Niryutait Marine 

Protected Area and the Anguniaqvia niqiqyuam Marine Protected 

Area in the western Canadian Arctic.  

o Collaborative decision-making and partnerships have 

been fundamental to advancing knowledge on beluga 

health and habitat use, Arctic Char stock assessment, and 

the status of key ecosystem components in these marine 

protected areas. Across Inuit Nunangat, community-led 

monitoring of coastal ecosystems has enabled the 

establishment of local biodiversity baselines, the 

identification of changes to distributions, and 

documentation of unusual species sightings. 

Case Study 14, 15, 

Sections 1.2, 4.5, 

4.6, 5.0, 5.4.1 

Learning how species use their habitats has improved our 

understanding of how ecosystems function.  

o Marine habitat use by anadromous Dolly Varden and 

Arctic Char is tightly linked to temperatures and salinities 

that are optimal for physical performance and the 

distribution of prey. Water depth rather than location 

alone can be a significant driver of foraging patterns and 

density hotspots for marine mammals. 

Case Study 4, 10; 

Sections 4.4.2, 7.3 

Significant progress has been made in characterizing the diversity 

and distribution of multiple species, including those which are 

themselves habitat for other species.  

o Knowledge has been gained on habitat-forming benthic 

species such as corals, sponges, and macrophytes (kelps 

and aquatic grasses), the habitat associations of marine 

fishes in the Amundsen Gulf, and the migratory patterns 

of bowhead, narwhal, and beluga whales and some marine 

birds. 

Case Study 4, 8; 

Sections 4.4.2, 

4.4.3, 6.5, 6.6,  

Some new knowledge of biodiversity or population status indicates 

potential ecosystem impacts. 

o The first documentation of harmful algal blooms that led 

to the uptake of toxins (i.e., Amnesic and Paralytic 

Shellfish Toxins) by benthic invertebrates, at levels not 

harmful to humans was identified in the western Canadian 

Arctic. The first capture of a juvenile Chum Salmon near 

Kaktovik, Alaska, confirms successful spawning in the 

North American Arctic with uncertain consequences for 

culturally-important Arctic species if salmon spawning 

were to become more frequent. Two marine species are 

categorized as critically imperiled in the Canadian Arctic: 

Black guillemot and ivory gull.  

Sections 4.6, 6.4,  

Other status indicators signal stability.  Sections 4.6, 5.4.2, 

5.4.3, 5.4.4 
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Report Highlight  Report Reference 

o Sufficient long-term population trend data are not 

available to rank the conservation status of the vast 

majority of marine species that inhabit Canadaôs Arctic. 

However, recent assessments indicate a stable Eastern 

Beaufort Sea beluga whale population. Stock assessments 

of key Arctic commercial fisheries indicate healthy 

populations of Greenland Halibut and Northern and 

Striped shrimps.  

 

2.6 Deepening understanding of mechanisms 

 

Understanding how and why ecosystems are changing is essential for adaptive management, 

especially at the ecosystem level. In recent years, mechanistic insights across trophic levels and 

regions provide input for modelling efforts aimed at predicting future ecosystem states. 

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

expectations of impacts.  

 

Report Highlight  Report Reference 

There can be regional differences in the mechanisms influencing the 

survival of key species.  

o In both Baffin Bay and the Beaufort Sea the survival of 

larval Arctic Cod into the adult population is influenced 

by large-scale atmospheric processes that affect sea-ice 

concentration and water temperatures. However, in Baffin 

Bay the timing of sea ice break-up and predation pressure 

play a stronger role compared to the Beaufort Sea. 

Similarly, the effects of a timing mismatch between 

zooplankton and peak production of their phytoplankton 

food were driven by different mechanisms: low food 

availability in the Beaufort Sea, and abundant but low-

quality food in Baffin Bay. 

Sections 4.5, 5.3  

Our understanding of how daylight influences ecosystem function 

has advanced across trophic levels.  

o New research describes the detailed mechanisms by 

which snow controls the timing and rate of ice and water 

column habitat transitions that, in turn, drive the seasonal 

progression of primary production. New observations of 

beluga behavioural responses to daily light cycles 

indicates that diving and vertical migrations are not only 

occurring in response to prey. 

Case Study 3, 4, 7 

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

o It now appears that ice break-up prior to June increases 

the likelihood of a mismatch between zooplankton and 

their food resources, which could reduce prey availability 

Section 4.5,  
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Report Highlight  Report Reference 

for developing Arctic Cod leading a decline in 

recruitment. 

Understanding the fate of phytoplankton blooms has been expanded 

by detailed studies and new technologies.  

o High-resolution video revealed new insights into how and 

when cells begin to aggregate and sink during the 

phytoplankton bloom in Baffin Bay. The way that 

copepods follow the aggregated cells, rather than graze 

individual cells left at the surface, can influence carbon 

transfer through the food web. 

Case Study 3, 12, 

Section 4.3 

Toolbox 

Mechanisms influencing the distribution of nutrients have been 

better delineated.  

o A much greater proportion of nutrients in the central 

Canadian Arctic Archipelago are of Atlantic origin than 

previously thought. In addition, glacial meltwater is now 

understood to be important for nutrient delivery to the 

northeastern Canadian Arctic not only because it provides 

significant amounts of micronutrients, but also because it 

plays a pivotal role in transport of macronutrients stored 

in deeper marine waters to the surface. The relative 

importance of river versus glacially sourced nutrients 

varies geographically.  

Section 6.1, 7.2,  

Understanding reasons for unexpected events requires inclusion of 

Indigenous Knowledge, and better support for Indigenous 

participation throughout the research process. 

o Combining knowledge systems can allow for a better 

understanding of unexpected events such as beluga 

mortalities, sperm whale sightings, bowhead 

overwintering in new areas, and salmon occurrences. 

Case Study 14; 

Sections 4.6, 5.0, 

6.4, 7.1, 7.4,  
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3.0 Stressors of Arctic Ocean Ecosystems 

In the Arctic several factors can change the state (i.e., mean condition and/or amount of 

variability) of marine ecosystems. These factors may be described as drivers (naturally sourced) 

or stressors (anthropogenic-based) on the system. Climate change is a major anthropogenic 

stressor affecting the Canadian Arctic. Climate change brings about effects that extend outside 

the realm of natural variability with respect to both temporal (e.g., seasonal, annual, decadal) and 

spatial (e.g., local, regional, pan-Arctic) scales. The challenge of climate change is that it 

encompasses multiple variables in 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 and 

resource management as Arctic scientific and Inuit Knowledge combined continues to be 

insufficient to 1) distinguish natural variability from climate-driven changes, and 2) adequately 

address the nature (e.g., additive, synergistic) and outcomes of individual and cumulative effects 

of climate change and other stressors.  

 

Climate change effects in the Canadian Arctic are ultimately associated with the increase of 

greenhouse gas emissions in the atmosphere. The oceans play a key role in greenhouse gas 

emission reduction strategies with potential new and expanded roles in the future. The global 

oceans not only absorb 10.5 Gt CO2 per year (1 Gt CO2 = 1 billion tonnes CO2) which is 

equivalent to 26 % of the total anthropogenic CO2 emissions (Friedlingstein et al. 2022), they 

also slow the rate of increase in atmospheric CO2 and the associated increase in global warming. 

However, there is a lack of continuous observations of surface ocean CO2 and air-sea CO2 

fluxes, especially in high-latitude regions and during the winter season. Also, the long-term 

variability of the physical and biological processes that contribute to the marine carbon sink is 

still poorly understood (Fay and McKinley 2013; Wanninkhof et al. 2013). The role of Canadaôs 

Arctic waters in greenhouse gas emission reduction is also unclear. However, new information is 

improving our understanding of Canadian waters as a CO2 source or sink, over different 

temporal and spatial scales (Case Study 1).  

 

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

distributed is critical to understanding ecosystem responses to the warming. Currently, the global 

oceans absorb ca. 90 % of the excess energy associated with the Earthôs energy imbalance (von 

Schuckmann et al. 2020), and sea ice loss is contributing to the increased rate at which the Earth 

is absorbing the Sunôs energy (Loeb et al. 2021). The loss of snow and ice reduces the Arcticôs 

ability to reflect the Sunôs energy, contributing to an amplification of warming. Mean annual 

temperatures (12 month period, calculated from October of one year to September of the next 

year) have risen worldwide since 1900, but over land and ocean areas north of 60 °N, Arctic 

temperatures have risen at least twice the global average since the year 2000 (Ballinger et al. 

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

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

warmer than the 1991-2020 average. The warming of Arctic air and ocean surface layer waters 

can influence entire ecosystems by affecting ocean oxygen concentrations, the severity of storms, 

sea level, and the hydrological cycle.  
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 Based on the sea-ice satellite record for the Arctic as a whole (1979-2023), there has been a 

downward trend in ice extent during all months. The rates of decline differ by month, with that 

for March (month of annual maximum coverage) being 2.5 % per decade and that for September 

(month of annual minimum coverage) being 12.2 % per decade (Figure 3a). Rates of decline 

have differed in various sub-regions of the Arctic. The statistically significant negative trend in 

September and March sea-ice extent (Figure 3a) is also marked with strong interannual and 

decadal variability, with decadal-scale variability most notable in the September trend (Meier 

and Stroeve 2002). There was a significant transition in sea ice coverage, thickness, and age 

around the year 2007. This 2007 transition was especially pronounced in the Beaufort Sea where 

the sea-ice regime, dominated by multi-year sea ice in the 1980s, transitioned to a new regime 

with large expanses of open water during the summer (Moore et al. 2022). After 2007, the sea ice 

leaving the Arctic via Fram Strait also revealed a regime shift for Arctic sea ice. There was an 

abrupt reduction in the thickness of ice exiting Fram Strait (Figure 3b), providing evidence that 

the Arctic sea-ice regime has shifted from thicker and deformed ice cover, to a thinner and more 

uniform ice cover (Figure 3b, Sumatra et al. 2023). Although the trend in summer sea-ice extent 

has been relatively flat since 2007, 15 of the lowest September ice extents recorded since 1979 

have occurred since 2007, notably 2012 and 2020 (Meier and Stroeve 2022, Figure 3a).  

 

 
Figure 3. A) Trend-lines for pan-Arctic sea-ice monthly mean sea-ice extent in September (lower left) 

and March (lower right). A solid red line (omitted for clarity on the plot for March) represent the overall 

trend. The dashed blue lines represent trends during 17-year overlapping sub-intervals. Open circles in the 

upper panels show the magnitude of the 17-year trends, with error bars spanning the 95 % limits of 

confidence (data source: NSIDC), B) time series of sea-ice thickness distribution exiting Fram Strait 

(source: Sumatra et al. 2023).  
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Through assimilation of satellite data into a numerical simulation of sea ice drift over time, it 

appears that Arctic sea ice has become on average younger and thinner (Figure 4). The top 

panels of this figure reveal a dramatic loss of ice older than 3-years since 1985 and the 

compensating expansion of seasonal ice coverage in winter. These changes have contributed to a 

weaker and more mobile wintertime ice cover in the central Arctic. The lower panel indicates 

that the fractional extent of ice older than 3 years appears to have decreased from more than 

40 % in the late 1980s to less than 10 % in the 2020s. The Canadian High Arctic now harbours a 

substantial fraction of remaining old ice, much of which occurs within the Tuvaijuittuq marine 

protected area (Figure 1).  

 

The lower panel of (Figure 4) suggests that the fractional coverages of ice by age changed in two 

steps, one occurring around 1990 and the second around 2007. The steps coincide with the loss-

rate changes in Septemberôs ice extent noted in Figure 3a. The stepwise process for multiyear sea 

ice loss occurred through different mechanisms. The first step (1989-1990) was a results of high 

multiyear ice export, whereas the 2006-2008 step was the result of high multiyear ice export and 

melt, with limited old ice replenishment (Babb et al. 2023). While the fractional ice coverages by 

age (Figure 4, lower panel) varies from year to year, and appears to have changed little on 

average since 2007, the reduced retention of older multiyear sea ice has created a younger 

thinner multiyear ice pack that may be conditioned for another reduction (Babb et al. 2023). 

 

 

Figure 4. Ice coverage by age in a) 1985 and b) 2023, and c) an ice age time series (1985-2023) for the 

central Arctic Ocean, indicated in the inset map. Color scale in c) is the same as a) and b) (source: 

NSIDC, 5 April 2023. EASE: Equal-Area Scalable Earth).  
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Figure 3 and Figure 4 display two co-existing, strong signals of change in the marine Arctic, 

namely anthropogenically-driven sea-ice loss (stressor) and intrinsic natural atmosphere-ocean-

ice variability (driver ). These signals together determine the ocean environmental conditions 

that prevail during particular months, seasons and years in the Arctic. The long-term sea ice 

trends also demonstrate that the manifestations of climate change are not necessarily gradual, but 

rather can include stepwise shifts from one regime to another (i.e., nonlinear responses to a 

changing force) (Babb et al. 2023; Sumatra et al. 2023). Changes in sea ice have a strong 

influence on ecosystem change in the Canadian Arctic (see our previous report, Niemi et al. 

2019), and in this current report, understanding the response of ecosystem components to sea-ice 

change continues to be a major theme. In addition, sea-ice change is intrinsically linked to other 

stressors in the Canadian Arctic. 

 

Ship traffic has already increased in the Canadian Arctic (e.g., Dawson et al. 2018), and future 

navigation through efficient shipping routes such as the Northwest Passage could become more 

practical with the continued loss of summer sea ice. However, the presence and persistence of 

thick multi-year ice is a hazard for shipping (e.g., Barber et al. 2018). A previous assessment of 

multi-year ice in the Northwest Passage for the period 1968-2006 found that climate-driven sea 

ice change had not yet resulted in nonthreatening multi-year ice conditions of benefit to shipping 

(Howell et al. 2008). A revised assessment for 2007-2020 identifies that years with little multi-

year ice in the Northwest Passage are now more frequent (Figure 5; Howell et al. 2022). Between 

2007 and 2020, the local development of multi-year ice from first-year ice, and the import of 

multi-year ice from the high Arctic into the Canadian Arctic decreased by 47 % and 22 %, 

respectively, relative to the 1968-2006 period. However, even with the decrease in both presence 

and growth/import of multi-year ice in the Northwest Passage, multi-year ice will continue to be 

a shipping hazard for the foreseeable future. 
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Figure 5. Difference in multi-year ice area relative to the 1991-2020 average for six regions of the 

Northwest Passage, as color-coded in the map. Average multi-year ice area differences are presented in 

blue for 1969-2006 and in red for 2007-2020. Values less than zero indicate years with light multi-year 

ice conditions in the Northwest Passage (source: Howell et al. 2022).  

The large-scale drivers and stressors of the Arctic system interact with additional stressors within 

the Canadian Arctic. New information about key stressors within the Canadian Arctic are 

summarized in Table 2. These stressors vary among areas and differ in their manageability. 

Some stressors may be reasonably addressed with proper management and/or stewardship (e.g., 

sustainable fisheries, invasive species; Case Study 9) whereas others (e.g., microplastics) are 

pervasive and possibly adverse. Recently, much attention has been brought to the issue of noise 

as a stressor in marine ecosystems (Table 2) given upward trends in vessel traffic. Case Study 2 

provides an overview of new information describing exposure and impacts of vessel noise in the 

Canadian Arctic. 
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Table 2. The status of some direct anthropogenic stressors relevant to marine ecosystems in the 

Canadian Arctic. 

Stressor Current status Recent 

references 

Shipping and 

anthropogenic 

underwater 

noise 

-In the past decade, reductions in sea-ice age and extent 

have made it easier for ships to navigate the Northwest 

Passage, including ships with little ice strengthening. 

-Between 2009 and 2019 the distance travelled by ships in 

the Northwest Passage doubled.  

-Increased vessel traffic carries a risk of introducing harmful 

aquatic invasive species, which have been identified in the 

ballast water of ships utilizing ports across the Canadian 

Arctic. 

- Approximately 45 % of the distance travelled by ships in 

the Canadian Arctic is fuelled by heavy fuel oil, which poses 

a higher environmental risk than other fuels in the event of 

an oil spill. In 2019, Transport Canada released a report 

weighing the benefits and risks of using heavy fuel oil in 

Arctic waters. The report concluded that a ban on heavy fuel 

oil would have environmental benefits, but socio-economic 

costs to northern communities.  

 -Anthropogenic underwater noise from vessel traffic, ice 

breaking, and seismic exploration disrupts Arctic seals, 

cetaceans, seabirds, and some fish species by masking 

communication, interrupting foraging, prompting extended 

avoidance, and potentially increasing stress hormone levels. 

-High-risk areas for underwater noise and vessel strikes 

continue to be identified by Inuit communities and by 

species distribution models to inform the placement and 

governance of low-impact shipping corridors. 

 

Transport 

Canada 2019; 

Dawson et al. 

2020; van Luijk 

et al. 2020; 

Gallagher et al. 

2021a; Goldsmit 

et al. 2021a; 

Halliday et al. 

2020a, 2021, 

2022a,b; 

Copland et al. 

2021; 

Kochanowicz et 

al. 2021; Watt et 

al. 2021a; 

PAME 2021; 

Dhifallah et al. 

2022; Lasserre 

2022  

 

 

 

Microplastics -Microplastic particles are concentrated in Arctic sea ice, 

snow, and marine sediments. 

-Accumulation and ingestion of plastic particles is pervasive 

at all levels of the food web. 

-Baselines of plastic levels are lacking for many Arctic biota 

in Canada. 

-Large knowledge gaps exist regarding biomagnification 

and food web transfer of microplastics in Arctic ecosystems. 

-Although there is substantial evidence for ecotoxicological 

effects of microplastics in temperate species, few studies 

exist specific to Arctic species. 

-Multiple research programs are currently focused on Arctic 

microplastic presence and food-web effects. 

 

Provencher et al. 

2018; Athey et 

al. 2020; Baak et 

al. 2020; 

Huntington et al. 

2020; Moore et 

al. 2020; Collard 

and Ask 2021; 

Bergmann et al. 

2022  
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Stressor Current status Recent 

references 

Wastewater 

effluent 

-Wastewater effluent can be a source of low concentrations 

of pharmaceuticals, per- and poly-fluorinated alkyl 

substances (PFAS), and heavy metals to marine receiving 

waters. 

-Elevated nitrogen from waste-water effluent can increase 

local coastal primary production. 

- Effects of waste-water effluent on marine biological 

communities are understudied in the Canadian Arctic; the 

few studies that exist indicate effects vary and in some cases 

are negligible or remain uncertain. 

 

Stroski et al. 

2020; Back et al. 

2021; Schaefer 

et al. 2021  

 

 

 

Contaminants -Climate change influences contaminant concentrations in 

high trophic level species by affecting fate and transport 

pathways (i.e., oceanographic currents) and by altering food 

webs (i.e., food web length, guild, species distributions) thus 

affecting bioaccumulation and biomagnification processes 

of contaminants such as mercury and persistent organic 

pollutants. Results vary regionally and between/within 

species. 

-Chemicals of emerging concern are found in Arctic waters, 

marine sediments, and biota, many of which are not 

included in a regulatory system and require ongoing 

monitoring. 

-Atmospheric concentrations of mercury have decreased 

over the past two decades, but temporal trends in biota are 

variable. 

-Long-term records of contaminant concentrations (mercury, 

persistent organic pollutants, and chemicals of emerging 

concern) measured in Arctic sediments, air, ice, and biota 

indicate that historical timing of peak concentrations varies 

among pollutants, species, and geographic regions. Not all 

time series exhibit consistent increases or decreases over 

time, and background concentrations can originate in natural 

sources. 

-Analyses of high-quality time series have underscored the 

importance of monitoring on an annual basis. 

 

Braune et al. 

2019; Lu et al. 

2019; Muir et al. 

2019; Houde et 

al. 2020; AMAP 

2021a, 2021b; 

Corminboeuf et 

al. 2021; 

Facciola et al. 

2021, 2022; 

Morris et al. 

2022; 

Provencher et al. 

2022a, 2022b  

 

 

 

Hydrocarbon 

development 

and mining 

-In 2016 a joint Canada-US statement issued a ban on new 

offshore oil and gas licenses for the Arctic, to be tested 

every five years through a science based review. Existing 

rights were not affected by the ban. 

-Approximately 18,687 km2 of exploration licenses exist for 

the Canadian Beaufort Sea, all within the Inuvialuit 

CIRNAC 2022 
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Stressor Current status Recent 

references 

Settlement Region. All exploratory licenses are under the 

work prohibition order. 

-Terrestrial mining activities in the High Arctic pose a risk 

to marine environments by increasing large vessel traffic 

(potential for vessel strikes of marine mammals, underwater 

noise, introduction of aquatic invasive species, and 

environmental contamination in the event of grounding).  

 

Fishing -The largest ground fish fishery (Greenland Halibut) in 

Canada is located in the Arctic (Davis Strait and Baffin 

Bay). 

-Integrated Fisheries Management Plans applicable to the 

Arctic are in place for Atlantic Walrus, Cambridge Bay 

Arctic Char, Dolly Varden, Greenland Halibut, Narwhal, 

and Northern and Striped Shrimp. The plans guide 

conservation and support sustainable fisheries and hunting. 

-In 2023, DFO reduced the total allowable catch of 

Greenland Halibut by 9.25 %. 

-Improvements are needed in bycatch management 

including Redfish (Case Study 9). 

-Identification of sensitive benthic habitats is ongoing. 

Areas with known or suspected sensitive benthic 

communities are closed to bottom contact fishing gear. 

Integrated 

Fisheries 

Management 

Plan (IFMP), 

unpublished 

data; NAFO 

2022 

Sustenance 

harvesting 

-Sustenance harvesting has been an element of Arctic 

marine ecosystems for millennia and is not thought to be 

more stressing today than it has been in earlier times. 
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CASE STUDY 1: Budgeting the Marine Carbon Sink in the Canadian Arctic 

Waters ï Data Gaps and Seasonal Changes 

The oceans have absorbed a quarter of the carbon-dioxide (CO2) emitted to the atmosphere by 

humans since the industrial revolution (Friedlingstein et al. 2020). In 2021, Canada committed to 

reducing its greenhouse gas (GHG) emissions by 40-50 % below 2005 levels by 2030 

(Environment and Climate Change Canada 2023). While it is imperative to substantially reduce 

fossil fuel emissions, enhancing natural carbon dioxide sinks through nature-based solutions 

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

warming to 2 °C and stabilizing our climate by the end of this century.  

  

The Arctic Ocean is thought to act as a net atmospheric CO2 sink due to the high solubility of 

CO2 in its low-temperature waters and the strong primary production observed along its 

continental shelves during the summer season (Figure 6). The estimated CO2 sink in the Arctic 

ranges from 70-180 TgC yr-1 (TgC = 1012 gC), contributing roughly 5-15 % of the global ocean 

balance of CO2 sinks and sources (e.g., Yasunaka et al. 2016; Manizza et al. 2019). Canada has 

the longest coastline globally, spanning the Pacific, Arctic, and Atlantic ocean basins, yet the 

Pan-Canadian Framework on Clean Growth and Climate Change (Canada 2016; Dion et al. 

2021) does not account for the marine carbon sink. Despite the collective recognition of Canada's 

oceans as a natural CO2 sink, the complex and heterogeneous nature of the marine carbon sink 

(Laruelle et al. 2018; Fennel et al. 2019) poses challenges to integrating it into Canada's climate 

change mitigation plans and the United Nations Framework Convention on Climate Change 

emissions accounting system (Dion et al. 2021). 

 

 
Figure 6. Air -sea CO2 fluxes in the Canadian Arctic waters and adjacent shelf seas in mol C m-2 year-1 

based on direct observations, observation-based interpolation products such as Neural Network and 

Multiple Linear Regression, and regional ocean biogeochemical models referenced in Fennel at al. (2019) 

and Duke et al. (2023). Negative flux (blue) indicates oceanic sink and positive flux (red) indicates 

oceanic outgassing. Average and standard deviation provided when multiple flux values are available for 

the given location. Map was created using Esri ArcGIS Pro 3.1.1. 

For Canadaôs oceans to be properly considered in reductions/clean growth, the role of Canadaôs 

Arctic Ocean in CO2 flux must be better understood. The magnitude and rate of air-sea CO2
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exchange in the Arctic Ocean is a complex process that is not only affected by ocean temperature 

and biological production, but also by sea-ice formation and melting, river discharge, water 

mixing, wind speed, and shelf-basin interactions (Bates and Mathis 2009; Ahmed et al. 2020). 

However, CO2 measurements are sparse and mainly collected during the summer season (Figure 

7), and hence the existing air-sea CO2 fluxes in the Arctic regions are poorly constrained (e.g., 

Bates and Mathis 2009; Yasunaka et al. 2018).  
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Figure 7. Total number of dissolved CO2 (A) and mean pCO2 (B) observations available from 1970 to 

2021 at each 1° × 1° pixel in the Surface Ocean CO2 Atlas Version 2022 (SOCATv2022) dataset in the 

Arctic Ocean and its adjacent shelf seas. Map was created using Esri ArcGIS Pro 3.1.1. 
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Canadian Arctic waters are believed to function as a net atmospheric CO2 sink based on the 

average dissolved CO2 values that were extracted from the publicly available surface water 

observations archived on the Surface Ocean CO2 Atlas (SOCAT, https://socat.info/) (Figure 7). 

However, the strength of the sink is variable across the Canadian Arctic, and, as global warming 

progresses, the capacity of these areas to act as a carbon sink or source in the future may change 

as well. For example, with the increase in warming and sea-ice loss, the areas of open water and 

phytoplankton growth rates in the Arctic are expected to increase (Arrigo and van Dijken 2015), 

thus enhancing the oceanic CO2 uptake from the atmosphere. In contrast, a decrease in the CO2 

uptake capacity associated with sea-ice loss has been observed as a result of surface water 

warming and stratification (Cai et al. 2010; Else et al. 2013).  

 

The presence and mixing of ocean layers also affect the oceanôs function as a source or sink. In 

Baffin Bay, the mixing of Pacific, Atlantic and even Siberian waters impacts carbon uptake from 

the atmosphere. This can occur directly by carrying waters with relatively high CO2 and low pH 

deeper into the water column, or indirectly by influencing biological productivity in surface 

waters, which lowers CO2 concentrations at the surface of the ocean (Burgers et al. 2023). 

However, the overall effect of all the biogeochemical and physical processes on CO2 uptake in 

the Arctic has not been adequately determined. 

 

Seasonal changes are a key factor to consider when studying the air-sea CO2 fluxes in the Arctic 

shelf seas. Seasonal differences in CO2 flux have now been documented in Hudson Bay, with 

some regions switching from sinks in the spring and early summer to CO2 sources during late 

summer, then back to CO2 sinks in the fall (Ahmed et al. 2021; Else et al. 2008). During the 

winter season, most of the Arctic shelves are covered by a layer of sea ice, which limits the 

exchange of CO2 between the ocean and the atmosphere. This leads usually to a net CO2 

accumulation under the ice due to biological respiration (Semiletov et al. 2004). However, as the 

sea ice begins to melt in the spring and summer seasons, both supersaturation and 

undersaturation can occur suggesting very high spatial variability in CO2 fluxes at the time of ice 

melt.  

 

River runoff plays a crucial role in determining the CO2 flux in the Arctic Ocean, primarily 

because of the excess CO2 generated from the decomposition of terrestrial organic matter in 

rivers (Polimene et al. 2022; Capelle et al. 2020). For example, river/runoff-influenced areas 

such as the Mackenzie shelf (Bertin et al. 2023) and the Nelson Estuary (Else et al. 2008; Ahmed 

et al. 2021) often emit more CO2 to the atmosphere than they absorb. According to modelling 

studies (Terhaar et al. 2019; Woosley and Millero 2020), increased river runoff into the Arctic 

has the potential to decrease the net CO2 uptake of the Arctic Ocean. This can result in some 

coastal shelf regions becoming sources of CO2 to the atmosphere and intensifying CO2 

outgassing near rivers and in estuaries. In highly stratified waters, such as near river mouths or 

melting sea-ice, CO2 concentrations at the surface may be significantly different from those in 

waters a few meters deep. If these vertical differences in CO2 concentrations are not taken into 

consideration, the strength of the ocean as a CO2 sink could be underestimated by approximately 

50 % (Ahmed et al. 2020). 

 

In contrast to river plumes, polynyas ï regions of open water surrounded by sea ice which form 

due to persistent winds and/or upwelling ï appear to be CO2 sinks. These ice-free areas serve as 
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hotspots for biological productivity and allow for enhanced gas exchange, leading to carbon 

fixation and subsequent increases in the uptake of CO2 from the atmosphere. For example, CO2 

uptake was observed in the northwest Hudson Bay polynya during the spring of 2018 was 

associated with high primary production and high wind speeds (Ahmed et al. 2021). Also, CO2 

uptake observed in the Cape Bathurst polynya occurred due to a combination of cold-water 

temperatures, strong primary production, and high wind speeds (Else et al. 2011). 

 

In order to improve our understanding of the marine carbon sink in Canadaôs Arctic and narrow 

the range of uncertainty in the current CO2 flux estimates, there would need to be an increase in 

the coverage and frequency of observational and computational (e.g., validated modelling) 

measurements, including biogeochemical variables such as salinity, temperature, pH, and 

primary production. Such improvement in the observational coverage could be achieved through 

using autonomous Argo floats accompanied with other in-situ observation networks, including 

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

 

By adopting a comprehensive approach that incorporates various methods, such as community 

science, remote sensing, modelling, and machine learning techniques, future research endeavours 

can significantly improve our understanding of current and future marine CO2 sinks in Canadaôs 

Arctic. Utilizing citizen science initiatives can engage the public in data collection, expanding 

the reach and generating a more extensive dataset. Remote sensing techniques can provide 

valuable information on the spatial distribution and dynamics of key surface ocean variables in 

remote Arctic regions. Additionally, validated modelling and machine learning techniques can 

assist in interpolating sparse data and analyzing complex interactions within the marine 

ecosystem. This multidisciplinary and integrated approach will contribute to a more 

comprehensive understanding of the role of Canadian waters in global carbon cycling and inform 

effective climate change mitigation strategies. 
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CASE STUDY 2: Underwater Noise ï Overlaps and Impacts 

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

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

of Arctic marine mammals to underwater noise has been relatively under-studied, but a few 

recent studies have examined noise exposure. These typically follow two methods: satellite 

telemetry studies that examine movements of individual tagged animals in relation to concurrent 

human noise sources, and modelling studies.  

 

The movements of satellite tagged bowhead (Martin et al. 2023) and beluga (Martin et al. 2022) 

whales in relation to vessel traffic has been assessed from telemetry studies with the whales 

traveling between the northern Bering Sea and the Amundsen Gulf in the western Canadian 

Arctic. Both species had increased exposure to noise close to the coastline, and exposure 

changed by month depending on migration location and the shipping events (e.g., community 

resupply). The greatest ship traffic and modeled underwater noise from ships occurred in the 

southern Chukchi Sea near Bering Strait (Halliday et al. 2021, Figure 8). 

 

 
 

Figure 8. Potential number of times that the 120 dB behavioural disturbance noise threshold was 

surpassed in July and October 2015ï2017. Beluga (Delphinapterus leucas) and bowhead (Balaena 

mysticetus) monthly utilization distributions are overlaid (source: adapted from Halliday et al. 2021). 

 

In the Tallurutiup Imanga National Marine Conservation Area (TINMCA), the level of risk to 

high noise exposure (Ó 120 dB) for multiple species has been assessed (Figure 9). Narwhal 

(Monodon monoceros) had high overlap with vessel noise throughout the entire area of southern 

Eclipse Sound, whereas beluga (Delphinapterus leucas) along southeast Devon Island only had a 

small area with increased exposure to vessel noise (Kochanowicz et al. 2021; Halliday et al. 

2022b). The seabirds assessed had high underwater noise risk at the eastern entrance to Eclipse 

Sound, with additional areas of underwater noise risk for northern fulmar at southern Devon 

Island and for black-legged kittiwake at Prince Leopold Island. Such mapping of vessel noise 

risk for different species provides key information for management initiatives in the TINMCA 

and supports the understanding of vessel-based marine wildlife impacts that affect culturally 

valued species and activities.  
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Figure 9. Level of risk (relative scale between species presence and underwater noise exposure, see 

Halliday et al. 2022a for details) to high noise exposure (Ó 120 dB) for narwhal (A and B), beluga whales 

(C), thick-billed murre (D), northern fulmar (E) and black-legged kittiwake (F) in the Tallurutiup Imanga 

National Marine Conservation Area (TINMCA). Cells that were not surveyed or where marine wildlife 

were absent within the study area during surveys are grey (source: Halliday et al. 2022a). 

Underwater noise can affect marine animals by impacting their ability to hear important sounds 

(acoustic masking), causing them to change their behaviour, affecting their physiology, 

damaging their hearing (temporary and permanent threshold shifts), or causing death. In the 

Arctic, studies on the effects of underwater noise have focused on modelling acoustic masking, 

changes in behaviour, and on physiology. No studies in the Arctic have demonstrated permanent 

hearing damage or death caused by noise. Typical behavioural reactions to underwater noise 

include flee responses, anti-predator ñfreezeò reactions, changes to breathing and diving cycles, 

and possibly cessation of foraging (Halliday et al. 2020b).  
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A recent study on bowhead whales (Balaena mysticetus) from the BeringïChukchiïBeaufort 

population (Martin et al. 2023) found no evidence of behavioural reactions to vessels, but this 

was based on relatively large distances (> 20 km) and coarse position data for bowheads. 

However, a study on belugas using higher resolution tags was able to show that belugas 

increased their swim speed in response to vessels at distances > 50 km, with a larger reaction as 

vessels came closer to the whale (Martin et al. 2022). This suggests that belugas may be more 

sensitive to vessel noise than bowheads over these large distances, but it also highlights the need 

for using high resolution tags. Another recent study of belugas demonstrated a reduction in 

beluga vocalizations detected on acoustic recorders when vessels travelled within 5 km of those 

recorders, and Inuvialuit Traditional Knowledge suggests that this is related to an avoidance 

reaction by belugas (Halliday et al. 2019). These two studies on beluga both suggest a sensitivity 

to vessel noise, reacting at distances far beyond visual range, and to low amplitude noise near 

ambient levels. 

 

A recent study investigated stress level in narwhals from time periods with different amounts of 

shipping traffic (Watt et al. 2021a). Narwhals were found to have higher stress level (cortisol 

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

was lower. The study also concludes that the narwhals were exposed to multiples stressors such 

are killer whale predation and environmental changes in addition to increased noise, which 

highlights the importance of developing tool to measure and assess cumulative impacts. 

 

Boat traffic and tourism has increased in the Churchill estuary located on the summering grounds 

of the Western Hudson Bay beluga population. Belugas seemed to change their grouping pattern 

in the presence of boats. Their group sizes were larger in the presence of boats than when boats 

were not present (Westdal et al. 2023). The distribution of belugas did not seem to be affected by 

the presence of noise generating motorboats and Zodiacs, however belugas seemed attracted to 

kayaks and avoided paddleboards (Ausen et al. 2022). Overall, the exposure of the Western 

Hudson Bay beluga population to large vessels was low and concentrated around the Churchill 

harbour (Pirotta et al. 2018). The impact of the interaction of belugas and boats at this location is 

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

composition of the groups. 

 

Continued study and exchange of knowledge on vessel noise exposure and impacts on marine 

wildlife is needed. Several knowledge holders, such as Inuit, share concerns about ship source 

noise causing habitat abandonment that would have multiple implications for subsistence 

hunting, livelihoods, food security, and health (Kochanowicz et al. 2021). In addition, Inuit from 

Pond Inlet have noticed a displacement of narwhals that could be associated to an increase in 

shipping traffic and associated noise in Eclipse Sound. 
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4.0 Structure of the Arctic Ocean Ecosystem 

The following sections provide the ecosystem context for understanding how the Canadian 

Arctic Ocean works. Such context is needed to both detect and explain observed changes. The 

physical (Section 4.1) and chemical (Section 4.2) components of the marine ecosystem create 

dynamic habitats for all biota. These bottom-up components also affect food webs (Sections 4.2, 

4.3), with current evidence of shifting energy pathways and prey distributions that influence 

predators (Case Studies 3 and 4). The structure and function of Canadian Arctic Ocean 

ecosystems vary across spatial scales and here we describe known linkages between habitat types 

and marine life (Section 4.4, Case Studies 5 and 6). Additionally, the Arctic functions differently 

over time, on multiple temporal scales (i.e., days to decades). Here we only discuss the seasonal 

scale (Section 4.5), illustrating that an annual Arctic cycle is better understood from an 

ecosystem events-perspective rather than preconceived ideas about seasons. 

4.1 Where Life Lives: The Ocean Environment of the Arctic 

4.1.1 Oceanographic Boundaries of the Arctic 

The edge of sea ice at its maximum extent in late March provides the simplest delineation of the 

marine Arctic. This boundary also approximates the 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 surround it and lobes that extend southward into the Pacific and 

Atlantic Oceans. The lobe in Canadaôs domain pushes as far south as Newfoundland. 

4.1.2 The Submarine Landscape 

Ocean waters are stacked in layers such that the vertical structure of ocean waters is typically 

characterized by having the lowest density seawater at the surface and highest density seawater 

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, making knowledge 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 particular relevance to the oceanôs ecology are seawater temperature, salinity, 

dissolved oxygen, dissolved nutrients and acidity. Specific associations of these attributes define 

water masses in the Arctic.  

 

Oceanographers commonly use contour lines that connect points of constant depth to map the 

landscape of the seabed. Contours crowd together where the seabed slopes steeply, at the edge of 

the continental shelf for example; they encircle isolated areas of deep water known as basins and 

isolated areas of shallow water known as banks; they form a distinctive pattern at sills, the 

marine equivalent of mountain passes, which separate shallower areas when 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. 
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The Canadian Arctic region encompasses two deep basins 

ï Canada Basin and Baffin Bay ï separated by a broad, 

shallow continental shelf ï the Canadian Polar Shelf ï 

which acts as a sill between the Pacific and Arctic. 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 has left it 

littered with islands comprising the Canadian Arctic 

Archipelago and with basins, channels and sills. The most 

obvious sills lie along the northwestern rim of the 

Canadian Polar Shelf and cluster near its centre; the 

intervening basins are as deep as 800 m. The sills rise to 

within 300-400 m of the sea surface in the north-west and 

much higher near the centre, within 15-220 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 near-shore 

estuaries, bays, and fjords important to people whose 

livelihood comes from the sea. The lack of good seabed 

maps restricts scientistsô capability to understand 

Canadian Arctic marine ecosystems and their 

vulnerability. 

4.1.3 Seawater Sources 

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 rivers. These waters are 

distinguishable in three characteristics ï salinity, temperature and dissolved nutrients - which in 

addition to dissolved oxygen and acidity are key elements of marine habitat and key factors in 

determining which organisms thrive where. 

  

Arctic Water (Figure 10) is a mixture of Pacific, Atlantic and fresh waters, modified in the Arctic 

by physical, chemical, and biological processes. Arctic sea ice is a frozen version of Arctic 

Water. Water from the Atlantic has high salinity (34.5-34.95) and relatively high temperature (0-

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

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

decades, and a dense layer at the bottom of the basin that has been trapped for several centuries. 

A fourth variant enters the Canadian Arctic region waters via Baffin Bay but does not reach the 

Canada Basin. Water from the Pacific has moderate salinity (31-33), lower in summer than in 

winter, is warm (near 3 °C) in summer and cold (near -1.5 °C) in winter and has high 

concentrations of dissolved nutrients (nitrate, phosphate, silicate). Fresh water has a salinity of 

 Figure 10. Depth variation in the 

temperature and salinity of seawater in 

the Canada Basin of the Arctic. Domains 

of the principal water masses are shown. 
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zero, a temperature that varies with source and season from 0-10 °C and is relatively low in 

dissolved nutrients.  

 

At the low temperatures of the Arctic, salinity is the main factor controlling water density. The 

increase in density (i.e., salinity) with depth reflects a decreasing proportion of fresh water 

relative to standard seawater. Arctic Water with the greatest dilution by fresh water (lowest 

salinity) floats on the top; Atlantic Water with the least dilution (highest salinity) sinks down 

deep; Pacific Water slips in between. It is the shallow, low density cap of ice, Arctic water, and 

Pacific water that make the Arctic so different from the Atlantic.  

 

The thickness of each layer depends on how 

much of each type is present and on ocean 

circulation. Dilution of the Arctic Ocean by 

fresh water is weak overall, but relatively 

strong in the uppermost 250 m. Arctic water 

occupying the top 50 m or so is the most 

diluted, but least abundant of the freshened 

water masses. Pacific water is less diluted, 

more abundant and dominant between 70-

250 m in the Canadian Arctic region. 

Atlantic water is least diluted and by far the 

dominant water mass, filling the basins from 

about 300 m depth to the seabed at more than 

4000 m. Mixing creates depth zones with 

properties transitional between water types. 

 

Phytoplankton at the base of the food web 

need dissolved nutrients and light in the 

same place to thrive. The Sunôs return 

initiates planktonic growth in spring, but 

continual replenishment of nutrients is 

necessary to sustain primary production. 

Nutrients are plentiful in the Arcticôs sub-

surface Pacific layer but must be mixed into 

the euphotic zone where photosynthesis 

occurs. This uplift is driven by the kinetic 

energy of storms and tides, but only in 

certain places under special conditions.  

 

Where elevated terrain rises above the layer 

of nutrient-rich Pacific water, it can restrict 

the nutrient supply to basins beyond it. It is 

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

example, where bounding sills rise to 15-30 m depth and only nutrient-poor surface water can 

enter from outside under normal conditions. 

 

 

 

Figure 11. Presence of seawater types in the Canadian 

Arctic region: Pacific water in green, Atlantic water via 

Fram Strait and the Barents Sea in red, and via Baffin 

Bay in yellow. Arctic water covers the entire area 

except for eastern Baffin Bay (no green underlay). 

Pacific nutrients are not readily available in the white 

areas on southern parts of the Canadian polar shelf. 
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From a broader perspective, the depths of sills that can block possible paths of flow control the 

presence of each seawater type at locations across the Canadian Polar Shelf. Figure 11 displays 

the areas of the Canadian Arctic region that are accessible to each seawater type, combining 

knowledge of the depth of occurrence of each type with knowledge of the seabedôs landscape. 

Pacific or Atlantic water can only be present at a location of interest if there is a path to the 

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

of that water type. The areas isolated from nutrient-rich Pacific Water are of particular interest. 

4.1.4 Seawater Movement 

The implications of water-mass distribution 

are more easily seen in combination with 

knowledge of how water actually moves. A 

discussion is complicated by the variation of 

current speed and direction with depth, ice 

cover, tides, storms, seasons, years and 

decades. Information is sparse. A schematic 

of the average circulation of surface waters 

of the Canadian Arctic region is shown in 

Figure 12. 

 

In general, prevailing winds in the Baffin 

Basin maintain a counterclockwise gyre that 

brings Atlantic water up the Greenland side 

and takes it southeast along the eastern side 

of the Canadian Polar Shelf. Winds in the 

Canada Basin maintain a clockwise gyre that 

moves surface water slowly south-west along 

the Arctic side of the Canadian Polar Shelf 

and more rapidly westward across the 

southern Beaufort. 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 cross the Canadian Polar Shelf 

and joins the Baffin Current that takes it to 

the Atlantic. This picture is complicated by 

the numerous islands on the polar shelf, 

which in combination with Earthôs rotation allow surface water also to 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 polar shelf. 

 

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

well known. However, observations have revealed a current flowing beneath the surface counter-

clockwise along the Beaufort continental slope and into the deep basins of the western Canadian 

Polar Shelf simply by following their steeply sloping sides. The Atlantic component is too dense 

to move eastward and may remain in the deep western basins for decades. Because of sills, the 

Figure 12. Schematic view of surface water movement 

within the Canadian Arctic region. Arrows represent the 

average direction of currents without regard to the speed 

of flow. Data modified from Arctic average water currents - 

Canada.ca 

https://www.canada.ca/en/environment-climate-change/services/ice-forecasts-observations/latest-conditions/climatology/arctic-average-water-currents.html
https://www.canada.ca/en/environment-climate-change/services/ice-forecasts-observations/latest-conditions/climatology/arctic-average-water-currents.html
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Canadian Arctic through-flow is comprised only of Arctic Surface and Pacific Waters. The latter 

bring nutrients to feed marine ecosystems of the Baffin coast, Hudson Bay and the Atlantic 

Canada region. Part of the southbound Baffin Current enters Hudson Bay along the northern side 

of Hudson Strait and joins the counterclockwise circulation of local river inflow around the bay 

to exit along the southern side of Hudson Strait.  

4.1.5 Sea Ice 

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

Arctic region. The ice forms by freezing seawater during cold winter weather. In Canadaôs far 

north, sea ice grows to more than two meters in thickness by early June. Near the southern limit 

in James Bay, winterôs growth is only about 1 meter.  

 

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

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

attain 10 m thicknesses even very early in winter and 30 m or more by winterôs end. The 

stacking of ice briefly creates space for ice-free leads elsewhere. Drifting sea ice (or pack ice) 

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

 

Pack ice gets stronger as it gets thicker with time during winter. Where coastlines or islands 

provide shelter, it may become strong enough to resist the forces of wind and current, so that it 

stops fracturing and drifting and is held fast, forming fast ice. The channels among islands on the 

Canadian Polar Shelf are unique in harbouring vast expanses of fast ice every winter. 

 

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

growth to slow. With temperature near 0 ęC, the Sunôs radiation is able to melt accumulated 

snow, forming ponds that trap the Sunôs heat and promote decay of the sea ice beneath. By early 

August, much of the level (thinner) seasonal ice in the southern part of the Canadian Arctic has 

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

open areas start freezing here in late August, new ice also starts freezing onto the bottom of last 

winterôs floes that still remain. On October 1 these rejuvenating floes enter the second-year ice 

category. If they survive a second summer, they become old or multi -year ice. Most of the 

Arcticôs multi-year ice resides in the Canadian Arctic region. The combined areas of first, second 

and multi-year ice define the minimum extent of ice cover at summerôs end.  

 

Ice is the surface of the sea where it is present and moves generally as described for surface 

currents, except where the ice is fast. Like currents, the drift of ice varies greatly over time 

(hours, days, seasons, years). Indeed, sea ice greatly enhances our knowledge of surface currents 

because its movements can be readily tracked from space. Ice both enters and leaves the 

Canadian Polar shelf on all sides as winds change. In the west however, ice is more likely to 

move from the Canada Basin onto the shelf north of Parry Channel and is more likely to move 

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

into Baffin Bay via Smith and Jones Sounds, whereas it commonly drifts some distance into 

Lancaster Sound and Hudson Strait before crossing the channel and coming back out along the 

other side. Ice circulates counterclockwise around Hudson Bay; the small area of ice which does 

not melt within the bay exits via Hudson Strait.  
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Sea ice exerts a strong influence on all 

aspects of Arctic marine ecosystems. It is 

itself a habitat (substrate) for life ï Inuit and 

sealife (e.g., bacteria, phytoplankton, 

zooplankton, fish, seals, walrus (Odobenus 

rosmarus), birds, whales, foxes, polar bears). 

Its presence reduces the penetration of 

sunlight into ocean water. Its roughness helps 

mix dissolved nutrients upward into the 

euphotic zone when moving, but it creates a 

layer of brackish surface water 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 these same creatures from 

needed air. 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. 

 

The scope of ecosystem-relevant sea-ice 

metrics embraces far more attributes than the 

much discussed yearly minimum ice extent. 

However, the seasonal variation of ice extent 

within the Canadian Arctic region (Figure 13 

and Figure 14) does provide a useful 

overview. The extent of ice in late winter 

coincides with the domain of Arctic Surface 

Water depicted in Figure 12, and therefore 

with the Canadian Arctic region as we have 

defined it. 

 

Figure 13 and Figure 14 provide no 

information on the thickness of sea ice, 

which varies greatly across the region and 

among seasons. However, it is useful to 

identify the geographic regions most likely to 

 Figure 13. Sea-ice coverage of the Canadian Arctic region 

near the time of maximum extent. Red denotes an almost 

complete cover of pack ice and grey a complete cover of 

fast ice. The information depicted is the median value over 

the climatological period 1991-2020. Illustration courtesy 

of the Canadian Ice Service. 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml  

Figure 14. Sea-ice coverage of the Canadian Arctic region 

near the time of minimum extent. The information depicted 

is the median value over the climatological period 1991-

2020. Illustration courtesy of the Canadian Ice Service, 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml
https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml
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harbor thin ice and very thick ice. In 

winter thin ice is most common near 

the ice edge bounding temperate seas 

and in polynyas. Polynyas exist 

despite cold atmospheric conditions 

because ice is physically moved 

from the freezing area by wind and 

because the rate of freezing itself can 

be reduced by upwelling of warmer 

ocean water. Ice that is very thick on 

average is most likely to be multi-

year ice, which can be detected fairly 

reliably by satellite radar during the 

cold months. 

 

The median concentration of ice 

within the Canadian Arctic region in 

early summer (Figure 15) is a good 

surrogate for 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 is also a myriad of 

smaller polynyas, generally in 

channels with strong tidal currents, 

that cannot be mapped on this scale. 

 

Figure 16 displays the occurrence 

frequency of multi-year ice at a 

concentration of 4 tenths or more, 

based on data from the most recent 

30-year climate interval, 1991-2020. 

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 

Sea south to 73 °N and most of the 

north-western Canadian polar shelf. 

Old ice has been less common in the 

southern and eastern parts of the 

Canadian polar shelf, and has had 

negligible presence in Hudson Bay and 

Foxe Basin. 

 

Figure 15. Locations of polynyas (blue-green areas bounded by 

red) in the Canadian Arctic region, evident as areas of light sea 

ice in early summer. Large polynyas exist in the Beaufort Sea 

(Bathurst Polynya), northern Baffin Bay (North Water), north-

western Foxe Basin, Hudson Bay, and Hudson Strait. Smaller 

polynyas occur in Penny Strait, Cardigan Strait and Cumberland 

Sound. Illustration courtesy of the Canadian Ice Service, 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml 

Figure 16. Regions of heavy ice in the Canadian Arctic 

region. The map displays the frequency of occurrence of old 

ice at 4-10 tenths coverage on this date in terms of the 

fraction of years in the 30-year climate interval. Illustration 

courtesy of the Canadian Ice Service, 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml 

https://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml
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Because sea ice influences marine life and human activity in so many ways, the scope of 

ecosystem-relevant sea-ice characteristics embraces far more attributes than those presented 

here. Some others are: the distribution of ice presence by thickness; the presence, size and 

fractional area covered by ice ridges above and below the sea surface; the presence, thickness 

and drifting of snow; the date of freeze-up; the dates of break-up for fast ice and of ice clearance 

for pack ice, etc. Moreover, the percentiles and extreme values of these attributes may be as 

relevant as, or more so, than the averages. 

4.1.6 Tides  

Tides are the regular variations of sea level 

controlled by the positions of the Sun and the 

Moon, their gravitational pulls, and the rotation of 

the Earth. Solar and lunar gravity create seawater 

bulges that move around the Earth as it rotates 

beneath them. There are many tidal components 

whose periods are clustered in bands. The half-

daily and daily bands contain the largest tides.  

 

Irregularities in the depth and shape of the ocean 

basins modify the bulges, so that the differences 

between high and low tides ï tidal ranges ï are 

larger in some areas than in others. In the Arctic, 

seasonal changes in the ice cover also change the 

range and arrival time of the tide.  

 

The rapid movement of the tidal bulges of seawater 

around the Earth creates tidal currents. These flow 

back and forth over the same intervals as the sea-

level changes that drive them. Half-daily tides 

alternately expose and flood the inter-tidal habitat 

at the coast by changing sea level four times each 

day. The width of the inter-tidal zone depends 

upon the tidal range and the slope of the shoreline 

ï narrow on steep shores. Tides in winter raise and 

lower sea ice near shorelines, maintaining cracks 

between ground ice (nearshore) and floating ice 

(deeper water) that provide breathing opportunities for seals and hunting opportunities for polar 

bears. 

The flow of tidal currents over the seabed and under the ice generates swirls and eddies in the 

water that can mix possibly warmer and more nutrient-rich water upward to the surface (Hughes 

et al. 2018). The effect increases dramatically as tidal current strengthens. Upward mixing of 

nutrients can restore the productive capacity of the euphotic zone in summer and sustain 

biological hotspots. An upward mixing of heat can reduce the thickness of winter ice (create 

small polynyas), providing better wintertime habitat for walrus and seals and facilitating earlier 

Figure 17. Areas with strong tidal currents 

within the Canadian Arctic region. Flows are 

most energetic in areas coloured red, less so in 

those coloured yellow. Data computed by the 

WebTide Tidal Prediction Model V0.7.1 

(Dunphy et al. 2005, 

http://www.bio.gc.ca/science/research-

recherche/ocean/webtide/index-en.php). 
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break-up 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 depth. Currents are 

strongest in narrow, shallow channels where the tidal range and/or timing of high and low tides 

differs markedly from end to end. Figure 17 depicts areas of the Canadian Arctic region where 

tidal currents are strong.  

4.2 Overview of Nutrients, the Building Blocks for Ecosystem Productivity 

Nutrients such as nitrogen and phosphorous are essential for the growth of primary producers 

that form the foundation of marine food webs. Using light as an energy source, primary 

producers assimilate nutrients and carbon to grow and produce the organic matter that sustains 

food webs. In marine waters, nitrogen and phosphorous are required by primary producers 

associated with sea ice (i.e., ice or sympagic algae) and by those growing in the water column 

(i.e., phytoplankton and macroalgae). In addition, in Canadian Arctic waters the nutrient silicon 

is needed by diatoms to form their intricate glass-like cell walls (Figure 18).  

 
Figure 18. Photos show the intricate silicon-based cell walls of diatoms found in the Canadian Arctic 

(source: Giesbrecht et al. 2022, photos: Beth Caissie, U.S. Geological Survey). Sampling transect line (a) 

and vertical section of silicon concentrations (b) across the Alaskan and Canadian Arctic. Note that the 

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

 

The diatoms are an important group of microscopic algae that contribute significantly to primary 

productivity, including sea ice, under-ice, and open-water phytoplankton blooms (Matthes et al. 

2021; Croteau et al. 2022). The distribution of silicon to support diatom growth has been mapped 

along a section of the Canadian Arctic (Giesbrecht et al. 2022, Figure 18a,b). Silicon 

concentrations are closely related to water masses and are influenced by both the dissolution of 

biogenic silica (e.g., breakdown of diatom cells), and the biological uptake of silicon in surface 

waters. In Baffin Bay, high concentrations of silicon in deep waters are caused entirely by the 

dissolution of microscopic cells that have been exported to the bottom in this productive region, 

specifically the North Water (Section 6.1, Case Study 12).  

  

 Most oceanic surface waters in the Canadian Arctic are depleted in nitrogen by mid-summer, 

specifically nitrate (Figure 19). Dead algae and other particulate matter generally sink, thereby 

removing nutrients from the surface water. Consequently, primary production, occurring in the 
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euphotic layer (ca. upper 100 m of the water column) where light levels are sufficient to support 

net growth, must rely on a resupply of nutrients to grow once surface nitrogen is depleted. New 

nitrogen sources can include rivers or the bacteria-mediated fixation of atmospheric nitrogen gas 

(von Friesen and Riemann 2020). However, the most important resupply of nutrients occurs via 

the upward vertical flux (i.e., mixing) of nutrients from below the euphotic layer.  

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

stabilizes the water column and opposes the mixing needed to bring nutrient-rich waters from the 

subsurface into the sunlit euphotic layer. Recent work has identified that the annual inventory of 

nitrate, available for primary producers is largely determined by the strength of stratification and 

by bathymetry, as both factors directly control the amount of vertical mixing between the 

subsurface and euphotic layer (Randelhoff et al. 2020a). Even though Arctic nitrate fluxes are, 

on average, one to two orders of magnitude smaller than fluxes in other oceans, the spatial 

patterns of nitrate in the upper ocean in the Arctic (Figure 19) are linked to vertical mixing. 

Consequently, measurements of water column structure and the potential for vertical mixing can 

support annual estimates of new primary production. 

 

Many factors can influence the vertical mixing of nutrients and the depth at which they are 

available. In Hudson Bay, mixing and nutrient availability can change seasonally in coastal and 

estuarine areas due to changes in river flow, sea ice formation (i.e., brine rejection) and melt, as 

well as summer storms (Eastwood et al. 2020; Dmitrenko et al. 2021). In fall, atmospheric 

cooling and to a lesser extent wind-driven turbulence in Hudson Bay supports convective mixing 

that breaks down surface stratification allowing nutrients to be accessed in surface waters. With 

this injection of nutrients into the euphotic zone, a fall phytoplankton bloom can occur (Barbedo 

et al. 2022).  

 

In the Canadian Beaufort Sea, stratification is strong and turbulence in the water column is weak 

yet variable (Scheifele et al. 2021). Consequently, the small number of strong turbulent mixing 

events that do occur within the water column (e.g., eddies) are disproportionately important for 

Figure 19. Summer surface nitrate concentrations (µM) in Arctic waters. Canadian surface waters 

are largely depleted in nitrogen during summer (shades of yellow), limiting the growth of 

phytoplankton (source: Randelhoff et al. 2020a).  
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nutrient fluxes, relative to other ocean areas. On the Beaufort Shelf, water movement across the 

seabed towards the coast has significantly increased in the last 25 years (see section 5.2.2) 

leading to enhanced upwelling that raises nutrient-rich Pacific water into the euphotic zone. 

Offshore in the Canada Basin, changes in freshwater input and the mixing of that freshwater, as 

well as changes in heat content or the surface water is reducing vertical mixing in summer, 

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

al. 2022; see Case Study 11). 

4.3 Overview of Arctic Food Webs  

Understanding key linkages within and among food webs is critical for managing the Canadian 

Arctic region at a species and ecosystem level. Food webs illustrate the flow of energy and 

matter among producers and consumers in a system. They are often compartmentalized by 

trophic levels, identifying pathways by which matter and energy are used, transferred, modified, 

and recycled (Figure 20). As in any food web, the highest biomass of organisms in Arctic marine 

food webs is represented by small, often unobserved, single-celled species. For example, on the 

Mackenzie shelf the biomass of phytoplankton > 5 µm in size is estimated to be 2.5 g m-2, 

whereas beluga biomass is estimated at 0.03 g m-2 (Hoover et al. 2021a). 

 
Figure 20. Schematic of feeding linkages and trophic levels for 33 functional groups, represented by an 

ecosystem model constructed for the Canadian Beaufort Sea shelf. Feeding linkages are shown in grey 

lines and trophic levels are indicated by horizontal axes. Mid-trophic level biota such as Arctic Cod, 

macro-zooplankton, and large copepods (circled in red) have a disproportionately large impact on the 

food web as conduits for the bottom-up transfer of energy to higher trophic level species. Primary 

producers (green boxes) are some of the smallest organisms in marine communities but represent the 

majority of biomass and fuel the rest of the food web (modified from: Hoover et al. 2021b). 

Primary production fuelling Arctic marine food webs is dominated by pelagic open-water 

phytoplankton and, to a lesser extent, ice algae. On a pan-Arctic scale, loss of sea ice led to an 

increase in nutrient input and open-water primary production during the 1990-2018 period, but 
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Canadian waters experienced more conservative increases compared to those observed for other 

Arctic regions (Arrigo and van Dijken 2015; Lewis et al. 2020; Frey et al. 2021). Even though 

the relative contribution of ice algae can be small, it is important to sustaining organisms at all 

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

provide a seasonally early, abundant, and localized food source utilized by pelagic grazers, 2) ice 

algae provide essential fatty acids for the reproductive success of pivotal zooplankton and 

benthic invertebrate species, and 3) ice algae are large cells and form aggregates that can rapidly 

sink to the seafloor where they provide a fresh food source for benthic species (Renaud et al. 

2007; Boetius et al. 2013; Yunda-Guarin et al. 2020; Amiraux et al. 2021). In some areas, 

decadal-scale declines in sea-ice extent are reflected in the contribution of sea-ice derived carbon 

to the diet of higher trophic level consumers, although not everywhere (Yurkowski et al. 2020; 

Case Study 3). At a pan-Arctic scale, a potential decline in sea-ice derived carbon may be offset 

by an increase in first-year ice habitat for sea ice algae, as thick multi-year ice is replaced by 

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

 

Coastal benthic ecosystems dominated by macrophytes such as kelp and seagrass may be 

overlooked contributors to the flow of carbon and energy in Arctic ecosystems, especially in 

coastal areas. Total standing stock of kelp in the Eastern Canadian Arctic may be upwards of 

94.9 ± 16 Tg C (Castro de la Guardia et al. 2023) with an estimated net primary production of 

19.6-67.8 g C mī2 yī1. The bulk of primary production by kelps and seagrasses is exported to 

adjacent ecosystems where it may support and subsidize recipient food webs through a detrital 

pathway (Cebrian 1999; Krumhansl and Scheibling 2012). 

Carbon fixed in the ice and water column is incorporated into the food web by primary 

consumers such as zooplankton, amphipods, and heterotrophic bacteria which perform essential 

transformations of carbon and other nutrients to make energy available to higher trophic levels. 

Mid-trophic level pelagic biota like Arctic Cod (Boreogadus saida) and lipid-rich zooplankton, 

including Calanus hyperboreus and Calanus glacialis, have an outsized effect on Arctic food 

webs because they are essential prey for higher trophic level species including other fish, 

seabirds, and marine mammals. Such forage species are critical conduits both for transferring 

energy vertically among trophic levels, and for controlling processes that connect the pelagic, 

benthic, and sea-ice associated compartments of the food web (Saint-Béat et al. 2022; Sora et al. 

2023; Pedro et al. 2023). Consequently, even though iconic high-trophic level animals are often 

targeted for conservation, taking an ecosystem approach that considers all trophic levels and 

manages mid-trophic level forage species will be critical for success. Pelagic grazing can limit 

the export of fresh pelagic production to the benthos (Forest et al. 2010), but can also facilitate 

pelagic-benthic coupling through vertical migrations and the production of fast-sinking particles 

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

 

When organic matter produced in the euphotic zone reaches the seafloor, benthic invertebrates 

play a critical role in remineralization (i.e., breakdown and transformation) of that material and 

in nutrient cycling/regeneration (Link et al. 2013a; Miatta and Snelgrove 2021a,b). They thus 

play a critical role in transferring carbon and nutrients to higher trophic levels in the pelagic food 

web including marine mammals and birds. Benthic invertebrates in the Canadian Arctic show 

flexibility in the use of diverse dietary carbon sources (terrestrial, pelagic, and sea-ice derived), 

which vary in availability across vertical and geographic gradients (Mäkelä et al. 2017a,b; Stasko 

et al. 2018; Yunda-Guarin et al. 2020; Amiraux et al. 2023a). Sediment oxygen demand and 
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nutrient fluxes that are indicative of organic matter remineralization and ecosystem functioning 

vary spatially across the Canadian Arctic, and can in part be explained by (1) the rate at which 

fresh food (organic carbon) is supplied to the seafloor from the surface layers (Bourgeois et al. 

2017; Link et al. 2013a b; Miatta and Snelgrove 2021a), and (2) characteristics of the 

macrofaunal assemblage itself (higher remineralization associated with high diversity/abundance 

or the presence of a few key species; Link et al. 2013b; Miatta and Snelgrove 2021a,b). In the 

Canadian Arctic, benthic food webs are comparable in complexity and structure to those in the 

pelagic compartment (Amiraux et al. 2023a,b). 

 

Changes to one compartment of a food web can cascade across multiple trophic levels. Changes 

that cascade from upper-trophic level predators to lower trophic-level species are termed top-

down effects, whereas those that have the opposite result are termed bottom-up effects. Arctic 

ecosystems are disproportionately affected by bottom-up rather than top-down effects (Hoover et 

al. 2021b; Sora et al. 2022; Pedro et al. 2023), underscoring the importance of environmental 

conditions that determine trophic processes at the base of the food web. Case Studies 3 and 4 

examine the implications of bottom-up effects for Arctic predators via shifting balances between 

the availability of sea-ice associated and open-water primary production, and the effect of 

environmental conditions and prey distributions on foraging behaviours. 

 

It should be noted that the majority of scientific information on diets and food web structure in 

the Canadian Arctic is discrete in space and time. Longer-term data trends, such as those 

highlighted in Case Studies 4 and 10, are rare outside of Inuit Knowledge held for coastal and 

sustenance species (e.g., Breton-Honeyman et al. 2016; Henri et al. 2020; Falardeau et al. 2022). 

In many regions, food web structure and function remain largely unknown. Where sufficient data 

on species occurrences and abundances exist, ecosystem modelling approaches (e.g., Ecopath, 

Ecosim, Ecological Network Analysis) can fill knowledge gaps regarding the structure and 

function of an ecosystem (e.g., direct feeding linkages, biomass flows, and whole-ecosystem 

indices such as energetic transfer efficiency). The performance of ecosystem models is 

dependent, however, on the amount and quality of information available, as demonstrated for the 

Canadian Beaufort Sea (Hoover et al. 2021b). Approaches for incorporating Inuit Knowledge in 

ecosystem models are still being developed (Pedro et al. 2023). 
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TOOLBOX: Using traits to synthesize complexity in zooplankton food 

webs 

There is clear value to the vast body of research targeting the key Calanus species of 

zooplankton in the Canadian Arctic, but how do we learn about the ecosystem roles of the other 

298+ species? Classifying zooplankton into ñfunctional groupsò that lump species together based 

on functional characteristics can be useful to study zooplankton in the face of high diversity 

(Figure 21). Even broad categorizations can reveal important biological processes, such as the 

effect of zooplankton on carbon cycling in a food web. For example, a common functional group 

classification system is to characterize Arctic zooplankton according to how they feed: 

herbivores, omnivores, and carnivores. Herbivores are the main conduit for conversion and 

transfer of primary production up the food chain, omnivores feed on both phytoplankton and 

other zooplankton and regulate the abundance of both, whereas carnivorous zooplankton such as 

chaetognaths (arrow worms) significantly regulate the abundance of other zooplankton. All of 

these functional groups play a role in nutrient and carbon cycling, and the specific trophic 

relationships between them can modulate energetic transfer efficiency to higher trophic levels 

(Saint-Béat et al. 2020).  

 

Figure 21. Examples of functional traits commonly used to describe zooplankton. Traits are divided 

according to their type classification in rows (morphological, physiological, behavioural, or life 

history) and the ecological functions that they influence in columns (feeding, growth and reproduction, 

and survival). Traits that transcend many functions and influence other traits are indicated in bold 

(body size and motility) (source: Litchman et al. 2013). 
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Functional trait approaches paired with ecosystem network modelling demonstrated that the 

effect of zooplankton functional groups on carbon cycling can be partially dependent on the 

primary production regime of an ecosystem (see also Case Study 12; Saint-Béat et al. 2022). 

These results address the potential for herbivorous zooplankton to adapt to changing conditions, 

such as the potential for a mismatch between the timing of spring bloom and the presence of 

zooplankton grazers. 

 

Functional trait analysis is also being coupled with new photographic sampling approaches that 

use artificial intelligence to classify images. This approach was applied to assess morphological 

traits (e.g., body size and shape, transparency, appendage location) of zooplankton along the ice-

edge in Baffin Bay. Large adult copepods were associated with ice-covered waters, whereas 

smaller, actively feeding copepods were associated with open waters where phytoplankton 

concentrations were higher (Vilgrain et al. 2021). Although this observation may not be 

surprising, it demonstrates that automating the analysis of large image datasets can greatly 

improve the efficiency of investigations of variation in zooplankton distributions and community 

composition. Optical approaches have further promise in being able to provide fine scale (1 m) 

resolution on the vertical distribution of co-occurring zooplankton species that would otherwise 

be nearly impossible to achieve with traditional net sampling (Schmid and Fortier 2019). 
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CASE STUDY 3: Temporal Variation in the Utilization of Carbon Derived 

from Sea-Ice Algae Across the Arctic Food Web 

Arctic marine environments are primarily fueled by two distinct sources of organic carbon, 

specifically the sea ice algal bloom usually followed by, or now concurrent with, the more 

pronounced phytoplankton bloom (Leu et al. 2015; Wassmann and Riegstad 2011). Ice algae and 

pelagic phytoplankton cells not consumed in the surface layer can sink to the seafloor. During 

that time, slow-sinking pelagic phytoplankton cells can undergo significant microbial 

degradation and transformation (Kellogg et al. 2011). In contrast, ice algae can be relatively well 

preserved in the sediments because (a) they form aggregates in a gel-like matrix (exopolymers) 

that can sink rapidly, minimizing exposure time to sunlight and bacteria in the upper water 

column that contribute to degradation, (b) bacteria attached to ice algae can often be rendered 

inactive or dead by salinity- and light-induced stress in the upper water column prior to sinking, 

and (c) bactericidal compounds are produced as a result of that stress and limit colonization of 

ice algal cells by 

benthic bacteria (Figure 

22; Renaud et al. 2007; 

Amiraux et al. 2020; 

Rontani et al. 2022). 

Consequently, ice algae 

can be a higher quality 

food source for some 

benthic consumers due 

to its relative intact 

state in sediments and 

unique nutritional 

profiles (Amiraux et al. 

2021, 2022). While 

certain taxonomic and 

consumer groups are 

more dependent on ice 

algae than others 

(Yunda-Guarin et al. 

2020; Amiraux et al. 

2023a), high 

Figure 22. Conceptual drawing of processes in the upper water column that contribute to the preservation 

of sea ice algae in the sediment. Ice algae released to the water column during ice melt in May are alive 

and can either sink quickly or remain suspended in the water column as unaggregated cells. As melting 

continues, cells suspended in the water column become stressed by the melting process, as they are 

exposed to high salinity and to low temperature and low irradiance conditions that promote light-induced 

degradation (photooxidation). The smallest cells undergo the greatest degree of photooxidation, partly 

because they remain within the upper water column longer. In contrast, large, aggregated cells sink more 

quickly and are better preserved. Photooxidation for both large and small cells may also contribute to cell 

preservation in the sediment by producing bactericidal compounds that deter colonization of benthic 

bacteria (adapted from: Rontani et al. 2016 with permission from Elsevier). 
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contributions of sea-ice derived carbon to benthic food webs have been consistently observed 

across the Arctic from coastal ecosystems to the continental shelf to the deep sea (Roy et al. 

2015a; Yunda-Guarin et al. 2020; Amiraux et al. 2023a). However, little is known about the 

seasonal use of sea ice-derived carbon across consumers in Arctic food webs, and how the 

contribution of sea ice-derived carbon to benthic fauna has changed over multiple decades with 

receding sea ice.  

 

Highly branched isoprenoids (HBI) are lipids produced by diatoms that can be used as source-

specific tracers to assess the carbon sources used by marine consumers in the Arctic. Certain HBI 

lipids are only synthesized by sea-ice diatom species, whereas other HBIs are produced by 

phytoplankton species (Belt et al. 2007; Brown et al. 2014a). Both proxies can be used together 

to differentiate how much a consumer at any trophic level has used food that is ultimately 

supported by carbon fixed by pelagic versus sea-ice algal primary production (Brown et al. 

2014b). Recently, 2300 samples from 159 species that spanned all trophic levels from 

invertebrates, fishes, seabirds, 

and marine mammals revealed 

that 96 % of all individuals 

investigated had ice-algal HBI 

signatures present ( 

Figure 23; Koch et al. 2023). 

This included those collected in 

the winter months long after the 

sea ice algal bloom had 

concluded, suggesting a 

mechanism for sea ice carbon 

storage (i.e., a sea-ice carbon 

ñbankò) and continued 

accessibility for Arctic 

consumers. Benthic heterotrophs 

(e.g., surface deposit feeders and 

bacteria) who feed on 

sedimentary stores of sea-ice 

carbon on the seafloor are likely 

responsible for ñremobilizingò 

this carbon throughout the year, 

transferring it back-up the food 

web to apex predators via the 

reticulate trophic connections in 

Arctic food webs. 

 

 
 

Figure 23. Sea ice particulate organic carbon (iPOC, 0 ï 100 %) content of Arctic consumers by month 

for all individuals sampled between 1982ï2019. Data points are individual samples and are colored to 

represent habitat assignments that includes benthic, nektonic, mixed (benthic and pelagic foragers), 
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pelagic, and sympagic. High use of sea ice particulate organic carbon was observed throughout the year 

(source: Koch et al. 2023). 

The reduction of summer sea-ice extent in some regions of the Canadian Arctic, and the 

changing phenology of sea ice has implications for ecosystem functioning through its influence 

on primary productivity. There is uncertainty regarding the adaptive capacity of animals that 

have life histories and foraging behaviours that have evolved with the phenology of ice-derived 

primary production. For example, Atlantic walrus (Odobenus rosmarus rosmarus) primarily feed 

on bivalves at the seafloor. A significant decadal-scale decline of nearly 75 % in the contribution 

of sea-ice carbon to benthivorous Atlantic walrus occurred in Foxe Basin (mid-latitude Arctic) 

between 1982-2016 in association with an 18 % decline in sea-ice concentration (Figure 24; 

Yurkowski et al. 2020). In contrast, despite a similar percentage of sea-ice reduction in Jones 

Sound (high Arctic), Atlantic walrus maintained high utilization of sea-ice carbon (98 % in 1996 

and 89 % in 2006). The trophic position of Atlantic walrus did not change significantly over time 

in either location (Yurkowski et al. 2020). This suggests there will be spatial variability in how 

organisms respond to climate-driven changes in the coupling of sea ice and benthic habitats, and 

the associated alterations of carbon energy dynamics at the base of the food web. 

  

 

Figure 24. Temporal trends of sea ice-derived carbon use (%) and of ŭ13CPhe (phenylalanine) measured in 

Atlantic walrus from Jones Sound (a,c) and Foxe Basin (b,d ). ŭ13CPhe is higher with greater use of sea-ice 

derived carbon. Locations of Jones Sound and Foxe Basin are indicated in red on the inset maps. Linear 

regressions (black line) with 95 % confidence intervals (grey) were performed on mean annual values. 

Error bars represent standard deviation (source: Yurkowski et al. 2020). 
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CASE STUDY 4: Deep Dive for Dinner 

Flexibility in diet and habitat use are considered fundamental variables that buffer Arctic marine 

mammals against the bottom-up impacts of climate change, allowing animals to adjust foraging 

behaviours to meet energetic requirements in the face of changing prey distributions and 

abundances (Laidre et al. 2008). 

  

For the first time, dive profiles were obtained by tagged Eastern Beaufort Sea (EBS) belugas 

over a whole year and characterized using time and depth metrics. Eight dive types were 

identified for male beluga whales tagged in 2018 and 2019 (Figure 25; Storrie et al. 2022a). The 

time-depth structures of dives revealed year-round foraging by EBS belugas, but with diverse 

strategies depending on region and season. Belugas made deep dives (~450 m) to the seafloor 

during the summer whilst occupying the Beaufort Sea and Viscount Melville Sound and made 

their deepest dives (~1000 m) along the Beaufort Slope in spring. In contrast, belugas made 

shallower dives (~50 m) through late fall and winter. Differences in the frequency and structures 

of these dives alongside published studies on beluga diet and prey distribution (Quakenbush et 

al. 2015; Choy et al. 2020; Majewski et al. 2013, 2017) provide insight into the energetic costs 

and gains of foraging. Deeper and longer dives in summer are energetically costly, but likely 

target lipid-rich Arctic Cod. Shallow winter foraging is energetically cheaper but may be less 

rewarding as dietary studies suggest that lower quality prey such as invertebrates are targeted at 

this time (Quakenbush et al. 2015). The structure, frequency and association with environmental 

variables supports the use of other dive types in recovery, transiting, and navigating through sea 

ice (Storrie et al. 2022a). The apparent flexibility in foraging strategies exhibited by EBS belugas 

provides an important baseline to monitor potential alterations in foraging behaviour that may be 

associated with environmental change and shifting prey assemblages.  

 

 
Figure 25. Beluga dive types summarised by their two-dimensional profiles, with time and depth 

indicated by the vertical and horizontal axes, respectively. The speculated function of each dive type is 

written underneath the dive profile, with letters (a) to (c) denoting the likelihood of the speculation being 

correct, from highest to lowest (source: Storrie et al. 2022a, see reference for rationale behind proposed 

functions).  

A unique characteristic of high latitudes is the extreme seasonality of light cycles, meaning that 

animals occupying these latitudes experience the midnight sun, polar night, and daily light/dark 

cycles at different times of the year. During the period with 24-hour daylight belugas lacked diel 

cycles in behaviour, making deep dives to the seafloor to forage or resting at irregular times over 

a 24-hour period (Storrie et al. 2022b). But as the Sun began to set during fall, belugas started to 
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exhibit distinct diel behavioural cycles. Belugas made progressively shallower dives between the 

base of the thermocline and the surface during hours of darkness when the Sun was further below 

the horizon, and made deeper dives or rested during daylight hours. Diel behavioural patterns, 

however, were complex, and linked to seafloor depth as well as water column thermal structure. 

Belugas ceased diel behavioural cycles in depths shallower than 700 m. Beluga dive depths were 

likely linked to the distribution of their prey, thus information on beluga diving behaviours 

provides insight into diel vertical migrations of prey species in the understudied Central Arctic 

Ocean region. Although day/night light cycles and the associated diel vertical migrations of prey 

can modulate the behavioural cycles of a predator under certain conditions, complex interactions 

of abiotic factors with light regime can alter these behavioural cycles. Therefore, the traditional 

view of a tight, ubiquitous linkage between predator dive behaviours and prey diel vertical 

migrations oversimplifies vertical predator-prey interactions. 

 

Similar to beluga whales, the foraging behaviours of bowhead whales from the Eastern Canada-

West Greenland (ECWG) population vary seasonally in depth, time spent foraging, and with sea-

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

(CAA) and western Baffin Bay habitat, bowhead whales were found to conduct epipelagic 

foraging dives < 200 m, presumably on surface aggregations of zooplankton, mysids, 

euphausiids, and chaetognaths feeding near the surface (Fortune et al. 2020a,b, 2023). In winter, 

bowhead whales conducted deeper mesopelagic dives to > 400 m, coinciding with deep 

aggregations of high-energy, diapausing (i.e., period of suspended development) life stages of 

Calanus spp. (Fortune et al. 2020a,b, 2023). 

 

Bowhead whales use continuous ram filtration to forage on dense patches of zooplankton in the 

water column. During a feeding dive, they can swim moving at very slow speeds (< 1 m s-1), 

allowing them to feed continuously, filtering ca. 2000 tons of water and prey per dive (Simon et 

al. 2009). Their diving behavior is characterized by three categories, including V-shaped dives, 

which are used to locate dense patches of zooplankton, and U-shaped and square-shaped dives 

used to target prey patches. Bowhead whales use different types of dives to target dense patches 

of zooplankton in the water column, based on their vertical distribution. In spring and summer, 

square-shaped dives were the dominant dive shape (68-71.8 %), followed by U-shaped (20.7-22 

%) and V-shaped (7.0 %; Fortune et al. 2020a; Pontbriand et al. 2023). In all seasons, bowhead 

whales were found to select habitat with relatively high sea-ice cover (65 % and 90 % sea-ice 

cover in summer and winter, respectively) and spent only a small portion of their day foraging 

(11-30 %; Fortune et al. 2020a, 2023).  

 

Bowhead whales depend on consuming lipid-rich copepod species such as C. hyperboreus and 

C. glacialis. However, zooplankton distributions are sensitive to changes in temperature, salinity, 

water current velocities, and sea ice cover (Oziel et al. 2020; Ershova et al. 2021). There is 

evidence for some redistribution of Calanus life stages in the central Arctic in response to the 

location of the sea-ice edge (Ershova et al. 2021). However, there is no current evidence in 

Canadian waters for large-scale changes in distribution, and shifting relative abundances of key 

zooplankton species as reported for some waters (i.e., Disko Bay) near Greenland (Møller and 

Nielsen 2020). It thus remains unclear whether bowhead whales may face challenges in meeting 

their energetic requirements from copepods. Plasticity in dispersal and foraging behaviours may 
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be key to bowhead whale adaptation if  prey distributions change in the future (Fortune et al. 

2023).  

 
Figure 26. a) Locations at which 16 bowhead whales were tagged in Igloolik (white square) and 

Pangnirtung (white triangle) in 2012, 2013, and 2016. The shaded oceans areas represent the two main 

habitats used by bowheads in the summer: the Canadian Arctic Archipelago in green and western Baffin 

Bay in blue. Arrows represent general monthly movement patterns of whales after being tagged. 

Bowheads utilizing the Canadian Arctic Archipelago displayed a monthly increase in dive depth that 

likely followed the seasonal downward migration of diapausing copepods (b), whereas individuals using 

Baffin Bay exhibited more consistent foraging dive depths between months (c). Total number of dives 

detected is indicated for each month under the x-axis. For the map, AI: Admirlaty Inlet; CS: Cumberland 

Sound, FB: Foxes Basin; FHS: Fury and Hecla Strait; GB: Gulf of Boothia, HS: Hudson Strait, LS: 

Lancaster Sound; PRI: Prince Regent Inlet (source: Pontbriand et al. 2023). 

Moreover, the foraging dive depth of individual bowhead whales and dietary tracers measured in 

their tissues varied between CAA and western Baffin Bay regions. When individuals from the 

CAA were pooled, they displayed a monthly increase in dive depth that likely followed the 


























































































































































































































